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Fig. 17
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Fig. 18C

Fig. 19
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ADVANCED ELECTROLYTE SYSTEMS AND
THEIR USE IN ENERGY STORAGE
DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority from

U.S. Provisional Patent Application No. 61/602,713, filed
Feb. 24, 2012, entitled “Flectrolytes for Ultracapacitors,”
International Application No. PCT/US2012/045994, filed,
Jul. 9, 2012, entitled “High Temperature Energy Storage
Device,” U.S. application Ser. No. 13/553,716, filed Jul. 19,

2012, entitled “Power Supply for Downhole Instruments,”
and U.S. Provisional Patent Application No. 61/724,775,

filed Nov. 9, 2012, entitled “Electrolytes for Ultracapaci-
tors”. The entirety of each of these disclosures 1s hereby
incorporated herein by reference thereto.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The invention disclosed herein relates to energy
storage cells, and 1n particular to advanced electrolyte sys-
tems for use in these energy storage cells, and related
techniques for providing an electric double-layer capacitor
that 1s operable at high temperatures.

2. Description of the Related Art

[0003] Energy storage cells are ubiquitous 1n our society.
While most people recognize an energy storage cell simply
as a “battery,” other types of cells should also be included
within this context. For example, recently, ultracapacitors
have garnered much attention as a result of their favorable
characteristics. In short, many types of energy storage cells
are known and 1n use today.

[0004] An electric double-layer capacitor, also known as a
“supercapacitor,” “supercondenser,” “‘pseudocapacitor,”
“electrochemical double layer capacitor,” or “ultracapaci-
tor,” 1s a capacitor that exhibits substantially improved
performance over common capacitors. One such parameter
1s energy density. Generally, an ultracapacitor has an energy
density that 1s on the order of thousands of times greater than
a high capacity electrolytic capacitor.

[0005] Capacitors are one of the key components 1n any
clectronic device and system. Traditional functions include
power supply voltage smoothing, supporting the energy
source, and filtering. A variety of industries present demand-
ing environments for implementation of electronics and
capacitors.

[0006] Consider, for example, that industries such as oil-
drilling, aerospace, aviation, military and automotive have
some applications that require electrical components to work
continuously at high temperatures (for example, at tempera-
tures 1n excess of eighty degrees Celsius). This heat expo-
sure, along with a variety of factors, work to degrade
performance of energy storage systems at elevated tempera-
tures, and lead to premature degradation of the energy
storage cell. Durability and safety are key requirements 1n
typical aerospace and defense applications. Applications
such as those where engines, turbo fans, and control and
sensing electronics are placed near outer shells of a rocket
engine. Automotive applications, such as small gearboxes or
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embedded alternators/starters, also require durability and
long life at elevated temperatures.

[0007] FElectronic components used in industrial environ-
ments must be physically robust while meeting demands for
performance. For designers and producers of ultracapaci-
tors, one of the attendant challenges 1s obtaining an elec-
trolyte that will function well and reliably at high tempera-
tures, as well as one that will function well and reliably at
both high temperatures and low temperatures. Unifortu-
nately, the desirable properties of some electrolytes are not
exhibited or sustained at higher temperatures, and even
those that have achieved durability at high temperatures
have not been able to serve as reliably at lower temperatures.
Thus, what are needed are electrolytes for ultracapacitors
that perform well in demanding situations. Preferably, the
clectrolytes provide stable conductivity and low internal
resistance as well as stable and high capacitance, and stable
and low leakage current over a wide range of temperatures.

SUMMARY OF THE INVENTION

[0008] In one embodiment, an ultracapacitor 1s disclosed.
The ultracapacitor includes an energy storage cell and an
advanced electrolyte system (AES) within an hermetically
sealed housing, the cell electrically coupled to a positive
contact and a negative contact, wherein the ultracapacitor 1s
configured to operate at a temperature within a temperature
range between about —40 degrees Celsius to about 210
degrees Celsius.

[0009] In another embodiment, a method for fabricating
an ultracapacitor 1s provided. The method includes the steps
of: disposing an energy storage cell comprising energy
storage media within a housing; and filling the housing with
an advanced electrolyte system (AES), such that an ultra-
capacitor 1s fabricated to operate within a temperature range
between about —40 degrees Celsius to about 210 degrees
Celsius.

[0010] In yet another embodiment, a method of using a
high temperature rechargeable energy storage device
(HTRESD) 1s provided. The method includes the steps of:
obtaining an HTRESD comprising an advanced electrolyte
system (AES); and cycling the HTRESD by alternatively
charging and discharging the HITRESD at least twice, while
maintaining a voltage across the HTRESD, such that the
HTRESD exhibits an mnitial peak power density between
0.01 W/liter and 150 kW/liter, such that the HTRESD 1s
operated at an ambient temperature that 1s 1n a temperature
range of between about —40 degrees Celsius to about 210
degrees Celsius.

[0011] In yet another embodiment, a method of using an
ultracapacitor 1s provided. The method includes the steps of:
obtaining an ultracapacitor as described herein, wherein the
ultracapacitor exhibits a volumetric leakage current (mA/cc)
that 1s less than about 10 mA/cc while held at a substantially
constant temperature within a range of between about 100
degrees Celsius and about 150 degrees Celsius; and cycling
the ultracapacitor by alternatively charging and discharging
the ultracapacitor at least twice, while maintaining a voltage
across the ultracapacitor, such that the ultracapacitor exhib-
its an ESR 1increase less than about 1,000 percent after at
least 1 hour of use while held at a substantially constant
temperature within a range of between about -40 degrees
Celsius to about 210 degrees Celsius.

[0012] In another embodiment, a method of providing a
high temperature rechargeable energy storage device to a
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user 1s provided. The method includes the steps of selecting
a high temperature rechargeable energy storage device
(HITRESD) comprising an advanced electrolyte system
(AES) that exhibits an 1nitial peak power density between
0.01 Whater and 100 kW/liter and a durability period of at
least 1 hour when exposed to an ambient temperature 1n a
temperature range from about —40 degrees Celsius to about
210 degrees Celsius; and delivering the storage device, such
that the HITRESD 1s provided to the user.

[0013] In yet another embodiment, a method of providing
a high temperature rechargeable energy storage device to a
user 1s provided. The method includes the steps of obtaining
any ultracapacitor as described herein that exhibits a volu-
metric leakage current (mA/cc) that i1s less than about 10
mA/cc while held at a substantially constant temperature
within a range of between about —40 degrees Celsius and
about 210 degrees Celsius; and delivering the storage
device, such that the HTRESD 1s provided to the user.
[0014] In yet another embodiment, an advanced electro-
lyte system (AES) 1s disclosed. The AES comprises an 10nic
liquid comprising at least one anion and at least one cation
and exhibits a halide content less than 1,000 ppm and a water
content less than 100 ppm.

[0015] In yet another embodiment, an advanced electro-
lyte system (AES) 1s disclosed. The AES comprises an 10nic
liquid comprising at least one anion and at least one cation
and at least one solvent and exhibits a halide content less
than 1,000 ppm and a water content less than 1.000 ppm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The foregoing and other features and advantages of
the invention are apparent from the following detailed
description taken in conjunction with the accompanying
drawings, which should not be considered as limiting:

[0017] FIG. 1 illustrates aspects of an exemplary ultraca-
pacitor;
[0018] FIG. 2 1s a block diagram depicting a plurality of

carbon nanotubes (CNT) grown onto a substrate;

[0019] FIG. 3 1s a block diagram depicting deposition of
a current collector onto the CNT of FIG. 3 to provide an
electrode element;

[0020] FIG. 4 15 a block diagram depicting addition of
transier tape to the electrode element of FIG. 3;

[0021] FIG. 5 1s a block diagram depicting the electrode
clement during a transfer process;

[0022] FIG. 6 1s a block diagram depicting the electrode
clement subsequent to transier;

[0023] FIG. 7 1s a block diagram depicting an exemplary
clectrode fabricated from a plurality of the electrode ele-
ments;

[0024] FIG. 8 depicts embodiments of primary structures
for cations that may be included 1n the exemplary ultraca-
pacitor;

[0025] FIGS. 9 and 10 provide comparative data for the
exemplary ultracapacitor making use of raw electrolyte and
purified electrolyte, respectively;

[0026] FIG. 11 depicts an embodiment of a housing for an
exemplary ultracapacitor;

[0027] FIG. 12 illustrates an embodiment of a storage cell
for an exemplary capacitor;

[0028] FIG. 13 depicts a barrier disposed on an interior
portion of a body of the housing;

[0029] FIGS. 14A and 14B, collectively referred to herein
as FI1G. 14, depict aspects of a cap for the housing;
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[0030] FIG. 15 depicts assembly of the ultracapacitor
according to the teachings herein;

[0031] FIGS. 16A and 16B, collectively reterred to herein
as FI1G. 16, are graphs depicting performance for the ultra-
capacitor for an embodiment without a barrier and a similar
embodiment that includes the barrier, respectively;

[0032] FIG. 17 depicts the barrier disposed about the
storage cell as a wrapper;

[0033] FIGS. 18A, 18B and 18C, collectively referred to
herein as FIG. 18, depict embodiments of the cap that
include multi-layered materials;

[0034] FIG. 19 1s a cross-sectional view of an electrode
assembly that includes a glass-to-metal seal;

[0035] FIG. 20 1s a cross-sectional view of the electrode
assembly of FIG. 19 installed 1n the cap of FIG. 18B;

[0036] FIG. 21 depicts an arrangement of the energy
storage cell in assembly;

[0037] FIGS. 22A, 22B and 22C, collectively referred to
herein as FIG. 22, depict embodiments of an assembled
energy storage cell;

[0038] FIG. 23 depicts incorporation of polymeric insula-
tion into the ultracapacitor;

[0039] FIGS. 24A, 24B and 24C, collectively referred to
herein as FIG. 24, depict aspects of a template for another
embodiment of the cap for the energy storage;

[0040] FIG. 25 1s a perspective view of an electrode
assembly that includes hemispherically shaped matenal;
[0041] FIG. 26 1s a perspective view of a cap including the

clectrode assembly of FIG. 25 installed 1n the template of
FIG. 24;

[0042] FIG. 27 15 a cross-sectional view of the cap of FIG.
26;
[0043] FIG. 28 depicts coupling of the electrode assembly

with a terminal of a storage cell;

[0044] FIG. 29 i1s a transparent i1sometric view ol the
energy storage cell disposed 1n a cylindrical housing;
[0045] FIG. 30 1s a side view of the storage cell, showing
the various layers of one embodiment;

[0046] FIG. 31 1s an 1sometric view of a rolled up storage
cell which includes a reference mark for placing a plurality

of leads:

[0047] FIG. 32 1s an 1sometric view of the storage cell of
FIG. 31 once unrolled;

[0048] FIG. 33 depicts the rolled up storage cell with the
plurality of leads included;

[0049] FIG. 34 depicts a Z-fold imparted into aligned
leads (1.e., a terminal) coupled to the storage cell;

[0050] FIGS. 35-38 are graphs depicting performance of
exemplary ultracapacitors; and

[0051] FIGS. 39-43 are graphs depicting performance of
exemplary ultracapacitors at 210 degrees Celsius.

[0052] FIGS. 44A and 44B are capacitance and ESR
graphs, respectively, depicting performance for an ultraca-
pacitor with the novel electrolyte entity: 1-butyl-1-methyl-
piperidintum  bis(trifluoromethylsulfonyl)imide at 150
degrees Celsius and 1.5V.

[0053] FIGS. 45A and 45B are capacitance and ESR

graphs, respectively, depicting performance for an ultraca-
pacitor with the novel electrolyte entity, trihexyltetradecyl-
phosphomium  bis(trifluoromethylsulfonyl)imide at 150
degrees Celsius and 1.5V.

[0054] FIGS. 46A and 46B are capacitance and ESR
graphs, respectively, depicting performance for an ultraca-
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pacitor with the novel electrolyte entity, butyltrimethylam-
monium bis(trifluoromethylsulfonyl)imide at 150 degrees
Celsius and 1.5V,

[0055] FIGS. 47A and 47B are capacitance and ESR

graphs, respectively, depicting performance for an ultraca-
pacitor with an 1onic liquid selected from the 10nic liquids
used 1n preparing the enhanced electrolyte combinations, at
125 degrees Celsius and 1.5V,

[0056] FIGS. 48A and 48B are capacitance and ESR
graphs, respectively, depicting performance for an ultraca-
pacitor with a 37.5% organic solvent-ionic liquid (same as in

FIG. 47) v/v, at 125 degrees Celsius and 1.5V

[0057] FIG. 49 1s an ESR graph depicting performance for
an ultracapacitor with a 37.5% organic solvent-ionic liqud
(same as 1 FIG. 47) v/v, at =40 degrees Celsius and 1.5V.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

[0058] In the present application a variety of variables are
described, including but not limited to components (e.g.
clectrode matenals, electrolytes, etc.), conditions (e.g., tem-
perature, freedom from various impurities at various levels),
and performance characteristics (e.g., post-cycling capacity
as compared with initial capacity, low leakage current, etc.).
It 1s to be understood that any combination of any of these
variables can define an embodiment of the invention. For
example, a combination of a particular electrode material,
with a particular electrolyte, under a particular temperature
range and with mmpurity less than a particular amount,
operating with post-cycling capacity and leakage current of
particular values, where those variables are included as
possibilities but the specific combination might not be
expressly stated, 1s an embodiment of the mvention. Other
combinations of articles, components, conditions, and/or
methods can also be specifically selected from among vari-
ables listed herein to define other embodiments, as would be
apparent to those of ordinary skill in the art.

[0059] The present invention, including advanced electro-
lyte systems and uses thereol will be described with refer-
ence to the following definitions that, for convenience, are
set forth below. Unless otherwise specified, the below terms
used herein are defined as follows:

I. Definitions

[0060] When mtroducing elements of the present inven-
tion or the embodiment(s) thereot, the articles “a,” “an,” and
“the” are intended to mean that there are one or more of the
clements. Similarly, the adjective “another,” when used to
introduce an element, 1s intended to mean one or more
clements. The terms “including,” “has” and “having” are
intended to be inclusive such that there may be additional
clements other than the listed elements.

[0061] The terms “alkenyl” and ““alkynyl” are recognized
in the art and refer to unsaturated aliphatic groups analogous
in length and possible substitution to the alkyls described
below, but that contain at least one double or triple bond
respectively.

[0062] The term *““alkyl” 1s recogmized 1n the art and may
include saturated aliphatic groups, including straight-chain
alkyl groups, branched-chain alkyl groups, cycloalkyl (ali-
cyclic) groups, alkyl substituted cycloalkyl groups, and
cycloalkyl substituted alkyl groups. In certain embodiments,
a straight chain or branched chain alkyl has about 20 or
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tewer carbon atoms 1n its backbone (e.g., C, -C,, for straight
chain, C,-C,, for branched chain). Likewise, cycloalkyls
have from about 3 to about 10 carbon atoms 1n their ring
structure, and alternatively about 5, 6 or 7 carbons in the ring
structure. Examples of alkyl groups include, but are not
limited to, methyl, ethyl, propyl, butyl, pentyl, hexyl, ethyl
hexyl, cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl and
the like.

[0063] As used herein, the terms “clad,” *“cladding” and
the like refer to the bonding together of dissimilar metals.
Cladding 1s often achieved by extruding two metals through
a die as well as pressing or rolling sheets together under high
pressure. Other processes, such as laser cladding, may be
used. A result 1s a sheet of material composed of multiple
layers, where the multiple layers of matenial are bonded
together such that the material may be worked with as a
single sheet (e.g., formed as a single sheet of homogeneous
material would be formed).

[0064] As a matter of convention, 1t may be considered
that a “contaminant” may be defined as any unwanted
material that may negatively aflect performance of the
ultracapacitor 10 11 introduced. Also note, that generally
herein, contaminants may be assessed as a concentration,
such as in parts-per-million (ppm). The concentration may
be taken as by weight, volume, sample weight, or in any
other manner as determined appropriate.

[0065] The term “cyano” 1s given 1ts ordinary meaning in
the art and refers to the group, CN. The term “sulfate’ 1s
given 1ts ordinary meamng 1n the art and refers to the group,
SO,. The term “sulfonate” 1s given 1ts ordinary meaning in
the art and refers to the group, SO, X, where X may be an
clectron pair, hydrogen, alkyl or cycloalkyl. The term *“car-
bonyl” 1s recognized in the art and refers to the group, C—0.

[0066] In general, the term “electrode” refers to an elec-
trical conductor that i1s used to make contact to another
material which 1s often non-metallic, 1n a device that may be
incorporated into an electrical circuit. Generally, the term
“electrode,” as used herein, 1s with reference to the current
collector 2 and the additional components as may accom-
pany the current collector 2 (such as the energy storage
media 1) to provide for desired functionality (for example,
the energy storage media 1 which 1s mated to the current
collector 2 to provide for energy storage and energy trans-
mission).

[0067] “Energy density” 1s one half times the square of a
peak device voltage times a device capacitance divided by a
mass or volume of said device

[0068] As discussed hereimn, “hermetic” refers to a seal
whose quality (1.e., leak rate) 1s defined 1n units of “atm-
cc/second,” which means one cubic centimeter of gas (e.g.,
He) per second at ambient atmospheric pressure and tem-
perature. This 1s equivalent to an expression in units of
“standard He-cc/sec.” Further, 1t 1s recognized that 1 atm-
cc/sec 1s equal to 1.01325 mbar-liter/sec.

[0069] The terms “heteroalkenyl” and “heteroalkynyl” are
recognized in the art and refer to alkenyl and alkynyl alkyl
groups as described herein 1n which one or more atoms 1s a
heteroatom (e.g., oxygen, nitrogen, sulfur, and the like).

[0070] The term “heteroalkyl™ 1s recognized in the art and
refers to alkyl groups as described herein 1n which one or
more atoms 1s a heteroatom (e.g., oxygen, nitrogen, suliur,
and the like). For example, alkoxy group (e.g., —OR) 15 a
heteroalkyl group.
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[0071] As a matter of convention, the terms “internal
resistance” and “eflective series resistance” and “ESR”,
terms that are known 1n the art to indicate a resistive aspect
of a device, are used interchangeably herein.

[0072] As a matter of convention, the term *“leakage
current” generally refers to current drawn by the capacitor
which 1s measured after a given period of time. This
measurement 1s performed when the capacitor terminals are
held at a substantially fixed potential difference (terminal
voltage). When assessing leakage current, a typical period of
time 1s seventy two (72) hours, although different periods
may be used. It 1s noted that leakage current for prior art
capacitors generally increases with increasing volume and
surface area of the energy storage media and the attendant
increase in the inner surface area of the housing. In general,
an 1ncreasing leakage current 1s considered to be indicative
ol progressively increasing reaction rates within the ultra-
capacitor 10. Performance requirements for leakage current
are generally defined by the environmental conditions preva-
lent 1n a particular application. For example, with regard to
an ultracapacitor 10 having a volume of 20 mL, a practical
limit on leakage current may fall below 200 mA.

[0073] A “lifetime” for the capacitor 1s also generally
defined by a particular application and 1s typically indicated
by a certain percentage increase in leakage current or
degradation of another parameter such as capacitance or
internal resistance (as appropriate or determinative for the
given application). For instance, 1n one embodiment, the
lifetime of a capacitor 1n an automotive application may be
defined as the time at which the leakage current increases to
200% of its 1mtial (beginning of life or “BOL”) value. In
another example, the lifetime of a capacitor 1n an o1l and gas
application may be defined as the time at which any of the
following occurs: the capacitance falls to 50% of 1ts BOL
value, the internal resistance increases to 200% of 1ts BOL
value, the leakage increases to 200% of 1ts BOL value. As
a matter ol convention, the terms “durability” and “reliabil-
ity” of a device when used herein generally relate to a
lifetime of said device as defined above.

[0074] An “operating temperature range” of a device
generally relates to a range of temperatures within which
certain levels of performance are maintained and 1s gener-
ally determined for a given application. For instance, 1n one
embodiment, the operating temperature range for an oil and
gas application may be defined as the temperature range 1n
which the resistance of a device 1s less than about 1,000%
of the resistance of said device at 30 degrees Celsius, and the
capacitance 1s more than about 10% of the capacitance at 30
degrees Celsius.

[0075] In some 1nstances, an operating temperature range
specification provides for a lower bound of useful tempera-
tures whereas a lifetime specification provides for an upper
bound of usetul temperatures.

[0076] “Peak power density” 1s one fourth times the
square ol a peak device voltage divided by an eflective series
resistance of said device divided by a mass or volume of said
device.

[0077] As referred to herein, a “volumetric leakage cur-
rent” of the ultracapacitor 10 generally refers to leakage
current divided by a volume of the ultracapacitor 10, and
may be expressed, for example 1n units of mA/cc. Similarly,
a “volumetric capacitance” of the ultracapacitor 10 generally
refers to capacitance of the ultracapacitor 10 divided by the
volume of the ultracapacitor 10, and may be expressed, for
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example 1n units of F/cc. Additionally, “volumetric ESR”™ of
the ultracapacitor 10 generally refers to ESR of the ultraca-
pacitor 10 multiplied by the volume of the ultracapacitor 10,
and may be expressed, for example 1 units of Ohms-cc.
[0078] As a matter of convention, i1t should be considered
that the term “may” as used herein 1s to be construed as
optional; “includes™ 1s to be construed as not excluding other
options (1.e., steps, materials, components, compositions,
etc); “should” does not imply a requirement, rather merely
an occasional or situational preference. Other similar termi-
nology 1s likewise used 1n a generally conventional manner.
[0079] As discussed herein, terms such as “adapting,”
“configuring,” “constructing” and the like may be consid-
ered to involve application of any of the techniques dis-
closed herein, as well as other analogous techniques (as may
be presently known or later devised) to provide an intended
result.

II. Capacitors of the Invention

[0080] Disclosed herein are capacitors that provide users
with improved performance 1n a wide range of temperatures.
For example, the capacitor of the present invention com-
prising advanced electrolyte systems described herein may
be operable at temperatures ranging from about as low as
minus 40 degrees Celsius to as high as about 210 degrees
Celsius.

[0081] In general, the capacitor of the present mmvention
includes energy storage media that 1s adapted for providing
a combination of high reliability, wide operating tempera-
ture range, high power density and high energy density when
compared to prior art devices. The capacitor includes com-
ponents that are configured to ensure operation over the
temperature range, and includes electrolytes 6 that are
selected solely from the advanced electrolyte systems
described herein. The combination of construction, energy
storage media and advanced electrolyte systems provide the
robust capacitors of the present invention that atford opera-
tion under extreme conditions with enhanced properties over
existing capacitors, and with greater performance and dura-
bility.

[0082] Accordingly, the present invention provides an
ultracapacitor comprising: an energy storage cell and an
advanced electrolyte system (AES) within an hermetically
sealed housing, the cell electrically coupled to a positive
contact and a negative contact, wherein the ultracapacitor 1s
configured to operate at a temperature within a temperature
range (“‘operating temperature”) between about —40 degrees
Celsius to about 210 degrees Celsius; about -35 degrees
Celsius to about 210 degrees Celsius; about —-40 degrees
Celsius to about 205 degrees Celsius; about -30 degrees
Celsius to about 210 degrees Celsius; about —40 degrees
Celsius to about 200 degrees Celsius; about -25 degrees
Celsius to about 210 degrees Celsius; about —40 degrees
Celsius to about 195 degrees Celsius; about -20 degrees
Celsius to about 210 degrees Celsius; about —40 degrees
Celsius to about 190 degrees Celsius; about -15 degrees
Celsius to about 210 degrees Celsius; about —-40 degrees
Celsius to about 185 degrees Celsius; about -10 degrees
Celsius to about 210 degrees Celsius; about —40 degrees
Celsius to about 180 degrees Celsius; about -5 degrees
Celsius to about 210 degrees Celsius; about —40 degrees
Celsius to about 175 degrees Celsius; about 0 degrees
Celsius to about 210 degrees Celsius; about —-40 degrees
Celsius to about 170 degrees Celsius; about 5 degrees
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Celstus to about 210 degrees Celsius; about —40 degrees
Celstus to about 165 degrees Celsius; about 10 degrees
Celstus to about 210 degrees Celsius; about —40 degrees
Celstus to about 160 degrees Celsius; about 15 degrees
Celstus to about 210 degrees Celsius; about —40 degrees
Celstus to about 1355 degrees Celsius; about 20 degrees
Celstus to about 210 degrees Celsius; about —40 degrees
Celsius to about 150 degrees Celsius.

[0083] In one particular embodiment, the AES eemprlses
a novel electrolyte entity (NEE), e.g., wherein the NEE 1s
adapted for use i high temperature ultracapacitors. In
certain embodiments, the ultracapacitor 1s configured to
operate at a temperature within a temperature range between
about 80 degrees Celsius to about 210 degrees Celsius, e.g.,
a temperature range between about 80 degrees Celsius to
about 150 degrees Celsius.

[0084] In one particular embodiment, the AES comprises
a highly purified electrolyte, e.g., wherein the highly purified
clectrolyte 1s adapted for use 1n high temperature ultraca-
pacitors. In certain embodiments, the ultracapacitor 1s con-
figured to operate at a temperature within a temperature
range between about 80 degrees Celsius to about 210
degrees Celsius.

[0085] In one particular embodiment, the AES comprises
AES comprises an enhanced electrolyte combination, e.g.,
wherein the enhanced electrolyte combination 1s adapted for
use 1 both high and low temperature ultracapacitors. In
certain embodiments, the ultracapacitor 1s configured to
operate at a temperature within a temperature range between
about —40 degrees Celsius to about 150 degrees Celsius.
[0086] As such, and as noted above, the advantages over
the existing electrolytes of known energy storage devices are
selected from one or more of the following improvements:
decreased total resistance, increased long-term stability of
resistance, increased total capacitance, increased long-term
stability of capacitance, increased energy density, increased
voltage stability, reduced vapor pressure, wider temperature
range performance for an individual capacitor, increased
temperature durability for an individual capacitor, increased
case ol manufacturability, and improved cost eflectiveness.

[0087] In certain embodiments of the ultracapacitor, the
energy storage cell comprises a positive electrode and a
negative electrode.

[0088] In certain embodiments of the ultracapacitor, at
least one of the electrodes comprises a carbonaceous energy
storage media, e.g., wherein the carbonaceous energy stor-
age media comprises carbon nanotubes. In particular
embodiments, the carbonaceous energy storage media may
comprise at least one of activated carbon, carbon fibers,
rayon, graphene, aerogel, carbon cloth, and carbon nano-
tubes.

[0089] In certain embodiments of the ultracapacitor, each
clectrode comprises a current collector.

[0090] In certain embodiments of the ultracapacitor, the
AES 1s purified to reduce impurity content. In certain
embodiments of the ultracapacitor, the content of halide 10ns
in the electrolyte 1s less than about 1,000 parts per million,
¢.g., less than about 500 parts per million, e.g., less than
about 100 parts per million, e.g., less than about 50 parts per
million. In a particular embodiment, the halide ion in the
clectrolyte 1s selected from one or more of the halide 10ns
selected from the group consisting of chloride, bromide,
fluoride and 1odide. In particular embodiments, the total
concentration of impurities 1n the electrolyte 1s less than
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about 1,000 parts per million. In certain embodiments, the
impurities are selected from one or more of the group
consisting of bromoethane, chloroethane, 1-bromobutane,
1-chlorobutane, 1-methylimidazole, ethyl acetate and meth-
ylene chloride.

[0091] In certain embodiments of the ultracapacitor, the
total concentration of metallic species 1n the electrolyte 1s
less than about 1,000 parts per million. In a particular
embodiment, the metallic species 1s selected from one or
more metals selected from the group consisting of Cd, Co,
Cr, Cu, Fe, K, L1, Mo, Na, Ni, Pb, and Zn. In another
particular embodiment, the metallic species 1s selected from
one or more alloys of metals selected from the group
consisting of Cd, Co, Cr, Cu, Fe, K, L1, Mo, Na, Ni, Pb, and
/Zn. In yet another particular embodiment, the metallic
species 1s selected from one or more oxides ol metals
selected from the group consisting of Cd, Co, Cr, Cu, Fe, K,
L1, Mo, Na, N1, Pb, and Zn.

[0092] In certain embodiments of the ultracapacitor, the
total water content 1n the electrolyte 1s less than about 500
parts per million, e.g., less than about 100 parts per million,
¢.g., less than about 50 parts per million, e.g., about 20 parts
per million.

[0093] In certain embodiments of the ultracapacitor, the
housing comprises a barrier disposed over a substantial
portion of interior surfaces thereof. In particular embodi-
ments, the barrier comprises at least one of polytetrafluoro-
cthylene (PTFE), perfluoroalkoxy (PFA), fluorinated ethyl-
ene propylene (FEP), ethylene tetrafluoroethylene (ETFE).
In particular embodiments, the barrier comprises a ceramic
material. The barrier may also comprise a material that
exhibits corrosion resistance, a desired dielectric property,
and a low electrochemical reactivity. In a specific embodi-
ment of the barrier, the barrier comprises multiple layers of
materals.

[0094] In certain embodiments of the ultracapacitor, the
housing comprises a multilayer material, e.g., wherein the
multilayer material comprises a first material clad onto a
second material. In a particular embodiment, the multilayer
material comprises at least one of steel, tantalum and alu-
minum.

[0095] In certain embodiments of the ultracapacitor, the
housing comprises at least one hemispheric seal.

[0096] In certain embodiments of the ultracapacitor, the
housing comprises at least one glass-to-metal seal, e.g.,
wherein a pin of the glass-to-metal seal provides one of the
contacts. In a particular embodiment, the glass-to-metal seal
comprises a feed-through that 1s comprised of a material
selected from the group consisting of an 1ron-nickel-cobalt
alloy, a nickel 1ron alloy, tantalum, molybdenum, niobium,
tungsten, and a form of stainless and titamium. In another
particular embodiment, the glass-to-metal seal comprises a
body that 1s comprised of at least one material selected from
the group consisting of nickel, molybdenum, chromium,
cobalt, 1ron, copper, manganese, titantum, zirconium, alu-
minum, carbon, and tungsten and an alloy thereof.

[0097] In certain embodiments of the ultracapacitor, the
energy storage cell comprises a separator to provide elec-
trical separation between a positive electrode and a negative
clectrode, e.g., wherein the separator comprises a material
selected from the group consisting of polyamide, polytetra-
ﬂuereethylene (PTFE), polyether ether ketone (PEEK), alu-
minum oxide (Al,O;), fiberglass, fiberglass reinforced plas-
tic, or any combination thereof. In a particular embodiment,
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the separator i1s substantially free of moisture. In another
particular embodiment, the separator 1s substantially hydro-
phobic.

[0098] In certain embodiments of the ultracapacitor, the
hermetic seal exhibits a leak rate that 1s no greater than about
5.0x107° atm-cc/sec, e.g., no greater than about 5.0x1077
atm-cc/sec, e.g., no greater than about 5.0x10™" atm-cc/sec,
e.g., no greater than about 5.0x10™" atm-cc/sec, e.g, no
greater than about 5.0x107° atm-cc/sec.

[0099] In certain embodiments of the ultracapacitor, at
least one contact 1s configured for mating with another
contact of another ultracapacitor.

[0100] In certain embodiments of the ultracapacitor, the
storage cell comprises a wrapper disposed over an exterior
thereol, e.g., wherein the wrapper comprises one of PTFE
and polyimide.

[0101] In certain embodiments of the ultracapacitor, a
volumetric leakage current 1s less than about 10 Amperes per
Liter within the temperature range.

[0102] In certain embodiments of the ultracapacitor, a
volumetric leakage current 1s less than about 10 Amperes per
Liter over a specified voltage range between about 0 Volts
and about 4 Volts, e.g. between about 0 Volts and about 3
Volts, e.g. between about 0 Volts and about 2 Volts, e.g.
between about 0 Volts and about 1 Volt. In certain embodi-
ments of the ultracapacitor, the level of moisture within the
housing 1s less than about 1,000 parts per million (ppm),
¢.g., less than about 500 parts per million (ppm), e.g., less
than about 350 parts per million (ppm).

[0103] In certain embodiments of the ultracapacitor, the
moisture content in an electrode of the ultracapacitor that 1s
less than about 1,000 ppm, e.g., less than about 500 ppm,
¢.g., less than about 350 parts per million (ppm).

[0104] In certain embodiments of the ultracapacitor, the
moisture content in a separator of the ultracapacitor that 1s
less than about 1,000 ppm, e.g., less than about 500 ppm,
¢.g., less than about 160 parts per million (ppm).

[0105] In certain embodiments of the ultracapacitor, the
chloride content 1s less than about 300 ppm for one of the
components selected from the group consisting of an elec-
trode, electrolyte and a separator.

[0106] In certain embodiments of the ultracapacitor, the
volumetric leakage current (mA/cc) of the ultracapacitor 1s
less than about 10 mA/cc while held at the substantially
constant temperature, e.g., less than about 1 mA/cc while
held at the substantially constant temperature. In a particular
embodiment,

[0107] In certain embodiments of the ultracapacitor, the
volumetric leakage current of the ultracapacitor 1s greater
than about 0.0001 mA/cc while held at the substantially
constant temperature.

[0108] In certain embodiments of the ultracapacitor, volu-
metric capacitance of the ultracapacitor 1s between about 6
F/cc and about 1 mF/cc; between about 10 F/cc and about 5
F/cc; or between about 50 F/cc and about 8 F/cc.

[0109] In certain embodiments of the ultracapacitor, the

volumetric ESR of the ultracapacitor 1s between about 20
mOhms-cc and 200 mOhms-cc; between about 1350

mOhms-cc and 2 Ohms-cc; between about 1.5 Ohms-cc and
200 Ohms-cc; or between about 150 Ohms-cc and 2000
Ohms-cc.

[0110] In certain embodiments of the ultracapacitor, the
ultracapacitor exhibits a capacitance decrease less than
about 90 percent while held at a substantially constant
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voltage and operating temperature. In a particular embodi-
ment, the ultracapacitor exhibits a capacitance decrease less
than about 90 percent while held at a substantially constant
voltage and operating temperature for at least 1 hour, e.g. for
at least 10 hours, e.g. for at least 50 hours, e.g. for at least
100 hours, e.g. for at least 200 hours, e.g. for at least 300
hours, e.g. for at least 400 hours, e.g. for at least 500 hours,
¢.g. for at least 1,000 hours.

[0111] In certain embodiments of the ultracapacitor, the
ultracapacitor exhibits an ESR increase less than about
1,000 percent while held at a substantially constant voltage
and operating temperature for at least 1 hour, e.g. for at least
10 hours, e.g. for at least 50 hours, e.g. for at least 100 hours,
¢.g. for at least 200 hours, e.g. for at least 300 hours, e.g. for

at least 400 hours, e.g. for at least 500 hours, e.g. for at least
1,000 hours.

[0112] For example, as shown in FIG. 1, an exemplary
embodiment of a capacitor 1s shown. In this case, the
capacitor 1s an “ultracapacitor 10.” The exemplary ultraca-
pacitor 10 1s an electric double-layer capacitor (EDLC). The
ultracapacitor 10 may be embodied in several different form
factors (1.e., exhibit a certain appearance). Examples of
potentially usetul form factors include a cylindrical cell, an
annular or ring-shaped cell, a flat prismatic cell or a stack of
flat prismatic cells comprising a box-like cell, and a flat
prismatic cell that 1s shaped to accommodate a particular
geometry such as a curved space. A cylindrical form factor
may be most usetul in conjunction with a cylindrical system
or a system mounted 1n a cylindrical form factor or having
a cylindrical cavity. An annular or ring-shaped form factor
may be most useful 1n conjunction with a system that 1s
ring-shaped or mounted i1n a ring-shaped form {factor or
having a ring-shaped cavity. A flat prismatic form factor may
be most usetul in conjunction with a system that 1s rectan-
gularly-shaped, or mounted 1n a rectangularly-shaped form
factor or having a rectangularly-shaped cavity.

[0113] While generally disclosed herein in terms of a
“1elly roll” application (1.e., a storage cell 12 that 1s config-
ured for a cylindrically shaped housing 7), the rolled storage
cell 23 may take any form desired. For example, as opposed
to rolling the storage cell 12, folding of the storage cell 12
may be performed to provide for the rolled storage cell 23.
Other types of assembly may be used. As one example, the
storage cell 12 may be a flat cell, referred to as a coin type,
pouch type, or prismatic type of cell. Accordingly, rolling 1s
merely one option for assembly of the rolled storage cell 23.
Theretfore, although discussed herein 1n terms of being a
“rolled storage cell 237, this 1s not limiting. It may be
considered that the term “rolled storage cell 23 generally
includes any appropriate form of packaging or packing the
storage cell 12 to fit well within a given design of the
housing 7.

[0114] Various forms of the ultracapacitor 10 may be
joimned together. The various forms may be joined using
known techniques, such as welding contacts together, by use
of at least one mechanical connector, by placing contacts 1n
clectrical contact with each other and the like. A plurality of
the ultracapacitors 10 may be electrically connected in at
least one of a parallel and a series fashion.

[0115] For the purposes of this invention, an ultracapacitor

10 may have a volume 1n the range from about 0.05 cc to
about 7.5 liters.

[0116] A variety of environments may exist where the
ultracapacitor 10 1s particularly useful. For example, in
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automotive applications, ambient temperatures of 105
degrees Celsius may be realized (where a practical lifetime
of the capacitor will range from about 1 year to 20 years).
In some downhole applications, such as for geothermal well
drilling, ambient temperatures of 300 degrees Celsius or
more may be reached (where a practical lifetime of the
capacitor will range from about 1 hour to about 10,000
hours).

[0117] The components of the ultracapacitors of the pres-
ent 1nvention will now be discussed, in turn.

[0118]

[0119] The advanced electrolyte systems ol the present
invention provide the electrolyte component of the ultraca-
pacitors of the present mnvention, and are noted as “electro-
lyte 6” 1n FIG. 1. The electrolyte 6 fills void spaces 1n and
between the electrodes 3 and the separator 5. In general, the
advanced electrolyte systems of the invention comprise
unique electrolytes, purified enhanced electrolytes, or com-
binations thereof, wherein the electrolyte 6 1s a substance,
e.g., comprised ol one or more salts or 10nic liquids, which
disassociate into electrically charged ions (1.e., positively
charged cations and negatively charged anions) and may
include a solvent. In the advanced electrolyte systems of the
present invention, such electrolyte components are selected
based on the enhancement of certain performance and
durability characteristics, and may be combined with one or
more solvents, which dissolve the substance to generate
compositions with novel and useful electrochemical stability
and performance.

[0120] The advanced electrolyte systems of the present
invention afford unique and distinct advantages to the ult-
racapacitors of the present mvention over existing energy
storage devices (e.g., energy storage devices containing
clectrolytes not disclosed herein, or energy storage devices
containing electrolytes having insuflicient purity). These
advantages include improvements in both performance and
durability characteristics, such as one or more of the fol-
lowing: decreased total resistance, increased long-term sta-
bility of resistance (e.g., reduction 1n increased resistance of
material over time at a given temperature), increased total
capacitance, increased long-term stability of capacitance
(e.g. reduction 1n decreased capacitance ol a capacitor over
time at a given temperature), increased energy density (e.g.
by supporting a higher voltage and/or by leading to a higher
capacitance), increased voltage stability, reduced vapor
pressure, wider temperature range performance for an indi-
vidual capacitor (e.g. without a significant drop 1n capaci-
tance and/or increase in ESR when transitioning between
two temperatures, €.g. without more than a 90% decrease in
capacitance and/or a 1000% increase 1n ESR when transi-
tioming from about +30° C. to about —40° C.), increased
temperature durability for an individual capacitor (e.g., less
than a 50% decrease 1n capacitance at a given temperature
after a given time and/or less than a 100% increase in ESR
at a given temperature aiter a given time, and/or less than 10
A/L of leakage current at a given temperature after a given
time, e.g., less than a 40% decrease 1n capacitance and/or a
75% 1ncrease 1 ESR, and/or less than 5 A/L of leakage
current, e.g., less than a 30% decrease 1n capacitance and/or
a 50% increase 1 ESR, and/or less than 1 A/L of leakage
current); increased ease of manufacturability (e.g. by having
a reduced vapor pressure, and therefore better yield and/or
more eflicient methods of filling a capacitor with electro-
lyte), and improved cost effectiveness (e.g. by filling void

A. Advanced Electrolyte Systems of the Invention
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space with material that 1s less costly than another material).
For clarity, performance characteristics relate to the prop-
erties directed to utility of the device at a given point of use
suitable for comparison among materials at a similar given
point of use, while durability characteristics relate to prop-
erties directed to ability to maintain such properties over
time. The performance and durability examples above
should serve to provide context for what are considered
“s1ignificant changes 1n performance or durability” herein.
[0121] For clarity, and in general, reference to “electrolyte
6" as used herein for inclusion 1n the energy storage devices
of the present invention refers to the advanced electrolyte
systems of the present invention.

[0122] The properties of the AES, or Electrolyte 6, may be
the result of improvements in properties selected from
increases 1n capacitance, reductions in equivalent-series-
resistance (ESR), high thermal stability, a low glass transi-
tion temperature (1g), an improved viscosity, a particular
rhoepectic or thixotropic property (e.g., one that 1s depen-
dent upon temperature), as well as high conductivity and
exhibited good electric performance over a wide range of
temperatures. As examples, the electrolyte 6 may have a
high degree of fluidicity, or, 1n contrast, be substantially
solid, such that separation of electrodes 3 1s assured.

[0123] The advanced electrolyte systems of the present
invention include, novel electrolytes described herein for
use in high temperature ultracapacitors, highly purified
clectrolytes for use 1 high temperature ultracapacitors, and
enhanced electrolyte combinations suitable for use 1n tem-
perature ranges from —40 degrees Celsius to 210 degrees
Celsius, without a significant drop in performance or dura-
bility across all temperatures.

[0124] Although the disclosure presented herein shall
focus on the applicability of the advanced electrolyte sys-
tems described herein to the ultracapacitors, these advanced
clectrolyte system are applicable to any energy storage
device.

[0125] 1. Novel Electrolyte Entities (NEE)
[0126] The advanced electrolyte systems (AES) of the
present invention comprise, 1n one embodiment, certain
novel electrolytes for use 1n high temperature ultracapaci-
tors. In this respect, 1t has been found that maintaining purity
and low moisture relates to a degree of performance of the
energy storage 10; and that the use of electrolytes that
contain hydrophobic materials and which have been found
to demonstrate greater purity and lower moisture content are
advantageous for obtaining improved performance. These
clectrolytes exhibit good performance characteristics 1n a
temperature range ol about 80 degrees Celsius to about 210
degrees Celsius, e.g., about 80 degrees Celsius to about 200
degrees Celsius, e.g., about 80 degrees Celsius to about 190
degrees Celsius e.g., about 80 degrees Celsius to about 180
degrees Celsius e.g., about 80 degrees Celsius to about 170
degrees Celsius e.g., about 80 degrees Celsius to about 160
degrees Celsius e.g., about 80 degrees Celsius to about 150
degrees Celsius e.g., about 85 degrees Celsius to about 145
C
C
C
C
C
C

egrees Celsius e.g., about 90 degrees Celsius to about 140
egrees Celsius e.g., about 95 degrees Celsius to about 135
egrees Celsius e.g., about 100 degrees Celsius to about 130
egrees Celsius e.g., about 105 degrees Celsius to about 125
egrees Celsius e.g., about 110 degrees Celsius to about 120
egrees Celsius.

[0127] Accordingly, novel electrolyte entities usetul as the
advanced electrolyte system (AES) include species compris-
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ing a cation (e.g., cations shown 1 FIG. 8 and described
herein) and an anion, or combinations of such species. In
some embodiments, the species comprises a nitrogen-con-
taining, oxygen-containing, phosphorus-containing, and/or
sulfur-containing cation, including heteroaryl and heterocy-
clic cations. In one set of embodiments, the advanced
clectrolyte system (AES) include species comprising a cat-
ion selected from the group consisting of ammonium, 1mi-
dazolium, oxazollum, phosphonium, piperidinium,
pyrazimum, pyrazolium, pyridazinium, pyridinium, pyrimi-
dinium, sulfonium, thiazolium, triazolium, guanidium, 1so-
quinolinium, benzotriazolium, and viologen-type cations,
any of which may be substituted with substituents as
described herein. In one embodiment, the novel electrolyte
entities usetul for the advanced electrolyte system (AES) of
the present invention include any combination of cations
presented 1n FIG. 8, selected from the group consisting of
phosphonium, piperidinium, and ammonium, wherein the
various branch groups R_(e.g., R;, R,, R;, ... R ) may be
selected from the group consisting of alkyl, heteroalkyl,
alkenyl, heteroalkenyl, alkynyl, heteroalkynyl, halo, amino,
nitro, cyano, hydroxyl, sulfate, sulfonate, and carbonyl, any
of which 1s optionally substituted, and wherein at least two
R _are not H (1.e., such that the selection and ornentation of
the R groups produce the cationic species shown 1n FIG. 8);
and the anion selected from the group consisting of tetra-
fluoroborate, bis(tritluoromethylsulfonyl)imide, tetracya-
noborate, and trifluoromethanesulfonate.

[0128] For example, given the combinations of cations
and anions above, 11 a particular embodiment, the AES may
be selected from the group consisting of trihexyltetradecyl-
phosphonium bis(trifluoromethylsulfonyl)imide, 1-butyl-1-
methylpiperidinium bis(trifluoromethylsulfonyljimide, and
butyltrimethylammonium bis(trifluoromethylsulionyl)
imide. Data supporting the enhanced performance charac-
teristics 1n a temperature range as demonstrated through
Capacitance and ESR measurements over time, indicating

high temperature utility and long term durability i1s provided
in FIGS. 44A and B, FIGS. 45A and B, and FIGS. 46A and

B.

[0129] In certain embodiments, the AES 1s trihexyltetra-
decylphosphonium bis(trifluoromethylsulfonyl imide.

[0130] In certain embodiments, the AES 1s 1-butyl-1-
methylpiperidinium bis(trifluoromethylsulfonyl)imide.

[0131] In certain embodiments, the AES 1s butyltrimeth-
ylammonmium bis(trifluoromethylsulfonyl)imide.

[0132] In another embodiment, the novel electrolyte enti-
ties useful for the advanced electrolyte system (AES) of the
present invention include any combination of cations pre-
sented 1n FIG. 8, selected from the group consisting of
imidazolium and pyrrolidinium, wherein the various branch
groups R _(e.g., R,, R,, R;, ... R )may be selected from the
group consisting of alkyl, heteroalkyl, alkenyl, heteroalk-
enyl, alkynyl, heteroalkynyl, halo, amino, nitro, cyano,
hydroxyl, sulfate, sulfonate, and carbonyl, any of which 1s
optionally substituted, and wherein at least two R, are not H
(1.e., such that the selection and orientation of the R groups
produce the cationic species shown in FIG. 8); and the anion
selected from the group consisting of tetrafluoroborate,
bis(trifluoromethylsulfonyl)imide, tetracyanoborate, and tri-
fluoromethanesulfonate. In one particular embodiment, the
two R _that are not H, are alkyl. Moreover, the noted cations
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exhibit high thermal stability, as well as high conductivity
and exhibit good electrochemical performance over a wide
range of temperatures.

[0133] For example, given the combinations of cations
and anions above, 1n a particular embodiment, the AES may
be selected from the group consisting of 1-butyl-3-methyl-
imidazolium tetrafluoroborate; 1-butyl-3-methylimidazo-
lium  bis(trifluoromethylsulfonyl)imide, 1-ethyl-3-methyl-

imidazolium tetratluoroborate; 1-ethyl-3-
methylimidazolium tetracyanoborate; 1-hexyl-3-
methylimidazolium tetracyanoborate; 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide;

1-butyl-1-methylpyrrolidinium tris(pentatluoroethyl)trifluo-
rophosphate; 1-butyl-1-methylpyrrolidimmum tetracyanobo-
rate, and 1-butyl-3-methylimidazolium trifluoromethanesul-
fonate.

[0134] In one embodiment, the AES 1s 1-butyl-3-methyl-
imidazolium tetratluoroborate.

[0135] In one embodiment, the AES 1s 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyljimide.

[0136] In one embodiment, the AES 1s 1-ethyl-3-methyl-
imidazolium tetratluoroborate.

[0137] In one embodiment, the AES 15 1-ethyl-3-methyl-
imidazolium tetracyanoborate.

[0138] In one embodiment, the AES 1s 1-hexyl-3-methyl-
imidazolium tetracyanoborate.

[0139] In one embodiment, the AES 1s 1-butyl-1-methyl-
pyrrolidintum bis(trifluoromethyl sulfonyl)imide.

[0140] In one embodiment, the AES i1s 1-butyl-1-methyl-
pyrrolidinium tris(pentatluoroethyl)trifiuorophosphate.

[0141] In one embodiment, the AES i1s 1-butyl-1-methyl-
pyrrolidinium tetracyanoborate.

[0142] In one embodiment, the AES i1s 1-butyl-3-methyl-
imidazolium trifluoromethanesulfonate.

[0143] In another particular embodiment, one of the two
R _that are not H, 1s alkyl, e.g., methyl, and the other 1s an
alkyl substituted with an alkoxy. Moreover, 1t has been
found that cations having an N,O-acetal skeleton structure of
the formula (1) in the molecule have high electrical con-
ductivity, and that an ammonium cation included among
these cations and having a pyrrolidine skeleton and an
N,O-acetal group 1S espec1ally high 1n electrical conductivity
and solubility 1n organic solvents and supports relatively
high voltage. As such, in one embodiment, the advanced
clectrolyte system comprises a salt of the following formula:

i <
NT O
R N DR

2

(1)

wherein R1 and R2 can be the same or different and are each
alkyl, and X- 1s an amon. In some embodiments, R, 1s
straight-chain or branched alkyl having 1 to 4 carbon atoms,
R, 1s methyl or ethyl, and X~ 1s a cyanoborate-containing
anion 11. In a specific embodiment, X~ comprises [B(CN)],
and R, 1s one of a methyl and an ethyl group. In another
specific embodiment, R, and R, are both methyl. In addition,
in one embodiment, cyanoborate anions 11, X™ suited for the
advanced electrolyte system of the present invention

include, [B(CN)4]™ or [BFn(CN)4-n]~, where n=0, 1, 2 or 3.
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[0144] Examples of cations of the AES of the present
invention comprising a Novel Electrolyte Entity of formula
(1), and which are composed of a quaternary ammonium
cation shown 1n formula (I) and a cyanoborate anion are
selected from N-methyl-N-methoxymethylpyrrolidinium
(N-methoxymethyl-N-methylpyrrolidinium),  N-ethyl-N-
methoxymethylpyrrolidinium, N-methoxymethyl-N-n-pro-
pylpyrrolidintum, N-methoxymethyl-N-1so-propylpyrroli-
dinium, N-n-butyl-N-methoxymethylpyrrolidimmum, N-1so-

butyl-N-methoxymethylpyrrolidinium, N-tert-butyl-N-
methoxymethylpyrrolidinium, N-ethoxymethyl-N-
methylpyrrolidinium, N-ethyl-N-
cthoxymethylpyrrolidinium (N-ethoxymethyl-N-
cthylpyrrolidinium), N-ethoxymethyl-N-n-
propylpyrrolidinium, N-ethoxymethyl-N-1s0-
propylpyrrolidinium, N-n-butyl-N-
cthoxymethylpyrrolidinium, N-1s0-butyl-N-
cthoxymethylpyrrolidinium and N-tert-butyl-N-
cthoxymethylpyrrolidinium. Other examples 1nclude

N-methyl-N-methoxymethylpyrrolidinium (N-methoxym-
cthyl-N-methylpyrrolidinium), N-ethyl-N-methoxymethyl-
pyrrolidinium and N-ethoxymethyl-N-methylpyrrolidinium.

[0145] Additional examples of the cation of formula (1) 1n
combination with additional anions may be selected from
N-methyl-N-methoxymethylpyrrolidinium tetracyanoborate
(N-methoxymethy-N-methylpyrrolidinium  tetracyanobo-
rate), N-ethyl-N-methoxymethylpyrrolidintum tetracya-
noborate, N-ethoxymethyl-N-methylpyrrolidimmum tetracya-
noborate, N-methyl-N-methoxymethylpyrrolidinium
bistrifluoromethanesulifonylimide,  (N-methoxymethy-N-
methylpyrrolidinium  bistrifluoromethanesulfonylimide),
N-ethyl-N-methoxymethylpyrrolidintum  bistrifluorometh-
anesulfonylimide, N-ethoxymethyl-N-methylpyrrolidinium
bistrifluoromethanesulifonylimide, N-methyl-N-methoxym-
cthylpyrrolidinium trifluoromethanesulfolate
(N-methoxymethyl-N-methyltrifluoromethanesuliolate).

[0146] When to be used as an electrolyte, the quaternary
ammonium salt may be used as admixed with a suitable
organic solvent. Usetul solvents include cyclic carbonic acid
esters, chain carbonic acid esters, phosphoric acid esters,
cyclic ethers, chain ethers, lactone compounds, chain esters,
nitrile compounds, amide compounds and sulfone com-
pounds. Examples of such compounds are given below
although the solvents to be used are not limited to these
compounds.

[0147] Examples of cyclic carbonic acid esters are ethyl-
ene carbonate, propylene carbonate, butylene carbonate and
the like, among which propylene carbonate 1s preferable.

[0148] Examples of chain carbonic acid esters are dim-
cthyl carbonate, ethylmethyl carbonate, diethyl carbonate
and the like, among which dimethyl carbonate and ethylm-
cthyl carbonate are preferred.

[0149] Examples of phosphoric acid esters are trimethyl
phosphate, triethyl phosphate, ethyldimethyl phosphate
diethylmethyl phosphate and the like. Examples of cyclic
cthers are tetrahydrofuran, 2-methyltetrahydrofuran and the
like. Examples of chain ethers are dimethoxyethane and the
like. Examples of lactone compounds are y-butyrolactone
and the like. Examples of chain esters are methyl propionate,
methyl acetate, ethyl acetate, methyl formate and the like.
Examples of nitrile compounds are acetonitrile and the like.
Examples of amide compounds are dimethylformamide and
the like. Examples of sulfone compounds are sulfolane,
methyl sulfolane and the like. Cyclic carbonic acid esters,
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chain carbonic acid esters, nitrile compounds and sulfone
compounds may be particularly desirable, 1n some embodi-
ments.

[0150] These solvents may be used singly, or at least two
kinds of solvents may be used 1n admixture. Examples of
preferred organic solvent mixtures are mixtures of cyclic
carbonic acid ester and chain carbonic acid ester such as
those of ethylene carbonate and dimethyl carbonate, ethyl-
ene carbonate and ethylmethyl carbonate, ethylene carbon-
ate and diethyl carbonate, propylene carbonate and dimethyl
carbonate, propylene carbonate and ethylmethyl carbonate
and propylene carbonate and diethyl carbonate, mixtures of
chain carbonic acid esters such as dimethyl carbonate and
cthylmethyl carbonate, and mixtures of sulfolane com-
pounds such as sulfolane and methylsulfolane. More pret-
erable are mixtures of ethylene carbonate and ethylmethyl
carbonate, propylene carbonate and ethylmethyl carbonate,
and dimethyl carbonate and ethylmethyl carbonate.

[0151] Insome embodiments, when the quaternary ammo-
nium salt of the invention 1s to be used as an electrolyte, the
clectrolyte concentration 1s at least 0.1 M, 1n some cases at
least 0.5 M and may be at least 1 M. If the concentration 1s
less than 0.1 M, low electrical conductivity will result,
producing electrochemical devices of 1mpaired perior-
mance. The upper limit concentration 1s a separation con-
centration when the electrolyte 1s a liquid salt at room
temperature. When the solution does not separate, the limit
concentration 1s 100%. When the salt 1s solid at room
temperature, the limit concentration 1s the concentration at
which the solution 1s saturated with the salt.

[0152] In certain embodiments, the advanced electrolyte
system (AES) may be admixed with electrolytes other than
those disclosed herein provided that such combination does
not significantly aflect the advantages achieved by utiliza-
tion of the advanced electrolyte system, e.g., by altering the
performance or durability characteristics by greater than
10%. Examples of electrolytes that may be suited to be
admixed with the AES are alkali metal salts, quaternary
ammonium salts, quaternary phosphonium salts, etc. These
clectrolytes may be used singly, or at least two kinds of them
are usable 1n combination, as admixed with the AES dis-
closed herein. Useful alkali metal salts include lithium salts,
sodium salts and potassium salts. Examples of such lithium
salts are lithium hexafluorophosphate, lithtum borofluonide,
lithium perchlorate, lithium trifluoromethanesulionate, sul-
fonylimide lithium, sulfonylmethide lithrum and the like,
which nevertheless are not limitative. Examples of usetul
sodium salts are sodium hexatluorophosphate, sodium boro-
fluoride, sodium perchlorate, sodium trifluoromethanesul-
fonate, sulfonylimide sodium, sulfonylmethide sodium and
the like. Examples of useful potassium salts are potassium
hexatluorophosphate, potasstum borofluoride, potassium
perchlorate, potassium trifluoromethanesulfonate, sulio-
nylimide potassium, sulfonylmethide potassium and the like
although these are not limitative.

[0153] Usetul quaternary ammomum salts that may be
used in the combinations described above (i.e., which do not
significantly aflect the advantages achieved by utilization of
the advanced electrolyte system) include tetraalkylammo-
nium salts, imidazolium salts, pyrazolium salts, pyridintum
salts, triazolium salts, pyridazinium salts, etc., which are not
limitative. Examples of useful tetraalkylammonium salts are
tetracthylammonium tetracyanoborate, tetramethylammo-
nium tetracyanoborate, tetrapropylammonium tetracya-
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noborate, tetrabutylammonium tetracyanoborate, tricthylm-
cthylammonium tetracyanoborate,
trimethylethylammonium tetracyanoborate, dimethyldieth-
ylammonium tetracyanoborate, trimethylpropylammonium
tetracyanoborate, trimethylbutylammonium tetracyanobo-
rate, dimethylethylpropylammonium  tetracyanoborate,
methylethylpropylbutylammonium tetracyanoborate, N,N-
dimethylpyrrolidinium tetracyanoborate, N-ethyl-N-methyl-
pyrrolidinium tetracyanoborate, N-methyl-N-propylpyrroli-
dinilum tetracyanoborate, N-ethyl-N-propylpyrrolidinium
tetracyanoborate, N,N-dimethylpiperidinium tetracyanobo-
rate, N-methyl-N-ethylpiperidinium  tetracyanoborate,
N-methyl-N-propylpiperidinium tetracyanoborate, N-ethyl-
N-propylpiperidinium tetracyanoborate, N,N-dimethylmor-
pholintum tetracyanoborate, N-methyl-N-ethylmorpho-
lintum tetracyanoborate, N-methyl-N-propylmorpholinium
tetracyanoborate, N-ethyl-N-propylmorpholinium tetracya-
noborate and the like, whereas these examples are not
limitative.

[0154] Examples of imidazolium salts that may be used 1n
the combinations described above (1.e., which do not sig-
nificantly affect the advantages achieved by utilization of the
advanced electrolyte system) include 1,3-dimethylimidazo-
lium tetracyanoborate, 1-ethyl-3-methylimidazolium tetra-
cyanoborate, 1,3-diethylimidazolium tetracyanoborate, 1,2-
dimethyl-3-ethylimidazolium tetracyanoborate and 1,2-
dimethyl-3-propylimidazolium tetracyanoborate, but are not
limited to these. Examples of pyrazolium salts are 1,2-
dimethylpyrazolium tetracyanoborate, 1-methyl-2-ethyl-
pyrazolium tetracyanoborate, 1-propyl-2-methylpyrazolium
tetracyanoborate and 1-methyl-2-butylpyrazolium tetracya-
noborate, but are not limited to these. Examples of pyri-
dintum salts are N-methylpyridinium tetracyanoborate,
N-ethylpyridinium tetracyanoborate, N-propylpyridinium
tetracyanoborate and N-butylpyndinium tetracyanoborate,
but are not limited to these. Examples of triazolium salts are
1 -methyltriazolium tetracyanoborate, 1-ethyltriazolium tet-
racyanoborate, 1-propyltriazolium tetracyanoborate and
1-butyltriazolium tetracyanoborate, but are not limited to
these. Examples of pyridazimmum salts are 1-methyl-
pyridazinium tetracyanoborate, 1-ethylpyridazinium tetra-
cyanoborate, 1-propylpyridazinium tetracyanoborate and
1 -butylpyrnidazinium tetracyanoborate, but are not limited to
these. Examples of quaternary phosphonium salts are tetra-
ethylpho sphonium tetracyanoborate, tetramethylphospho-
nium tetracyanoborate, tetrapropylphosphonium tetracya-
noborate, tetrabutylphosphonium tetracyanoborate,
triethylmethylphosphonium tetrafluoroborate, trimethyleth-
ylphosphonium tetracyanoborate, dimethyldiethylphospho-
nium tetracyanoborate, trimethylpropylphosphonium tetra-
cyanoborate, trimethylbutylphosphonium tetracyanoborate,
dimethylethylpropylphosphonium tetracyanoborate, methy-
lethylpropylbutylphosphonium tetracyanoborate, but are not
limited to these.

[0155] In certain embodiments, the novel electrolytes
selected herein for use the advanced electrolyte systems may
also be purified. Such purification may be performed using
art-recognized techmques or the techniques provided herein.
This purification may further improve the characteristics of
the Novel Electrolyte Entities described herein.

[0156] 11. Highly Purified Electrolytes

[0157] The advanced electrolyte systems of the present
comprise, 1n one embodiment, certain highly purified elec-
trolytes for use 1n high temperature ultracapacitors. In cer-
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tain embodiments. The highly purified electrolytes that
comprise the AES of the present invention are those elec-
trolytes described below as well as those novel electrolytes
described above purified by the purification process
described herein. The purification methods provided herein
produce impurity levels that afford an advanced electrolyte
system with enhanced properties for use in high temperature
applications, e.g., high temperature ultracapacitors, for
example 1n a temperature range of about 80 degrees Celsius
to about 210 degrees Celsius, e.g., about 80 degrees Celsius
to about 200 degrees Celsius, e.g., about 80 degrees Celsius
to about 190 degrees Celsius e.g., about 80 degrees Celsius
to about 180 degrees Celsius e.g., about 80 degrees Celsius
to about 170 degrees Celsius e.g., about 80 degrees Celsius
to about 160 degrees Celsius e.g., about 80 degrees Celsius
to about 150 degrees Celsius e.g., about 85 degrees Celsius
to about 145 degrees Celsius e.g., about 90 degrees Celsius
to about 140 degrees Celsius e.g., about 95 degrees Celsius
to about 135 degrees Celsius e.g., about 100 degrees Celsius
to about 130 degrees Celsius e.g., about 105 degrees Celsius
to about 125 degrees Celsius e.g., about 110 degrees Celsius
to about 120 degrees Celsius.

[0158] Obtaining improved properties of the ultracapaci-
tor 10 results 1n a requirement for better electrolyte systems
than presently available. For example, it has been found that
increasing the operational temperature range may be
achieved by the significant reduction/removal of impurities
from certain forms of known electrolytes. Impurities of
particular concern include water, halide 1ons (chloride, bro-
mide, fluornide, 10odide), free amines (ammonia), sulfate, and
metal cations (Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, L1, Mg,
Mn, Mo, Na, N1, Pb, Sr, T1, Zn). The highly purified
clectrolyte product of such purification provides electrolytes
that are surprisingly far superior to the unpurified electro-
lyte, and as such, fall with the advanced electrolyte systems
of the present invention.

[0159] In a particular embodiment, the present mnvention
provides a purified mixture of cation 9 and amion 11 and, 1n
some 1stances a solvent, which may serve as the AES of the
present invention which comprises less than about 3000
parts per million (ppm) of chloride 1ons; less than about
1000 ppm of fluoride 1ons; and/or less than about 1000 ppm
of water (e.g. less than about 2000 ppm of chloride 10ns; less
than about less than about 200 ppm of fluoride 1ons; and/or
less than about 200 ppm of water, e.g. less than about 1000
ppm of chloride 10ns; less than about less than about 100
ppm of fluoride 1ons; and/or less than about 100 ppm of
water, e.g. less than about 500 ppm of chloride 10ns; less
than about less than about 50 ppm of fluoride 1ons; and/or
less than about 50 ppm of water, e¢.g. less than about 780
parts per million of chloride 10ns; less than about 11 parts per
million of fluoride 1ons; and less than about 20 parts per
million of water.)

[0160] Generally, impurities 1n the purified electrolyte are
removed using the methods of purnfication described herein.
For example, 1n some embodiments, a total concentration of
halide 10ons (chloride, bromide, fluonide, 1odide), may be
reduced to below about 1,000 ppm. A total concentration of
metallic species (e.g., Cd, Co, Cr, Cu, Fe, K, L1, Mo, Na, Ni,
Pb, Zn, including an at least one of an alloy and an oxide
thereol), may be reduced to below about 1,000 ppm. Further,
impurities from solvents and precursors used 1n the synthesis
process may be reduced to below about 1,000 ppm and can
include, for example, bromoethane, chloroethane, 1-bro-
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mobutane, 1-chlorobutane, 1-methylimidazole, ethyl

acetate, methylene chloride and so forth.

[0161] In some embodiments, the impurity content of the
ultracapacitor 10 has been measured using 1on selective
clectrodes and the Karl Fischer titration procedure, which
has been applied to electrolyte 6 of the ultracapacitor 10. In
certain embodiments, 1t has been found that the total halide
content in the ultracapacitor 10 according to the teachings
herein has been found to be less than about 200 ppm of
halides (C1™ and F™) and water content 1s less than about 100

ppm.
[0162] Impurities can be measured using a variety of

techniques, such as, for example, Atomic Absorption Spec-
trometry (AAS), Inductively Coupled Plasma-Mass Spec-
trometry (ICPMS), or simplified solubilizing and electro-
chemical sensing of trace heavy metal oxide particulates.
AAS 1s a spectro-analytical procedure for the qualitative and
quantitative determination of chemical elements employing
the absorption of optical radiation (light) by free atoms 1n the
gaseous state. The technique 1s used for determining the
concentration of a particular element (the analyte) 1n a
sample to be analyzed. AAS can be used to determine over
seventy different elements in solution or directly i solid
samples. ICPMS 1s a type of mass spectrometry that 1s
highly sensitive and capable of the determination of a range
ol metals and several non-metals at concentrations below
one part in 10 (part per trillion). This technique is based on
coupling together an inductively coupled plasma as a
method of producing 1ons (1onization) with a mass spec-
trometer as a method of separating and detecting the 10ns.
ICPMS 15 also capable of monitoring 1sotopic speciation for
the 1ons of choice.

[0163] Additional techmques may be used for analysis of
impurities. Some of these techniques are particularly advan-
tageous for analyzing impurities 1n solid samples. Ion Chro-
matography (IC) may be used for determination of trace
levels of halide impurities 1n the electrolyte 6 (e.g., an 10nic
liquid). One advantage of Ion Chromatography 1s that rel-
evant halide species can be measured 1n a single chromato-
graphic analysis. A Dionex AS9-HC column using an eluent
consisting 20 mM NaOH and 10% (v/v) acetonitrile 1s one
example of an apparatus that may be used for the quantifi-
cation of halides from the 1onic liquids. A further technique
1s that of X-ray fluorescence.

[0164] X-ray fluorescence (XRF) instruments may be used
to measure halogen content 1 solid samples. In this tech-
nique, the sample to be analyzed is placed 1n a sample cup
and the sample cup 1s then placed in the analyzer where it 1s
irradiated with X-rays of a specific wavelength. Any halogen
atoms 1n the sample absorb a portion of the X-rays and then
reflect radiation at a wavelength that 1s characteristic for a
given halogen. A detector 1n the mstrument then quantifies
the amount of radiation coming back from the halogen
atoms and measures the intensity of radiation. By knowing
the surface area that 1s exposed, concentration of halogens in
the sample can be determined. A further techmique for
assessing 1mpurities 1 a solid sample 1s that of pyrolysis.

[0165] Adsorption of impurities may be eflectively mea-
sured through use of pyrolysis and microcoulometers.
Microcoulometers are capable of testing almost any type of
material for total chlorine content. As an example, a small
amount of sample (less than 10 milligrams) 1s either injected
or placed 1nto a quartz combustion tube where the tempera-
ture ranges from about 600 degrees Celsius to about 1,000
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degrees Celsius. Pure oxygen 1s passed through the quartz
tube and any chlorine containing components are combusted
completely. The resulting combustion products are swept
into a titration cell where the chloride 10ns are trapped 1n an
clectrolyte solution. The electrolyte solution contains silver
ions that immediately combine with any chloride 1ons and
drop out of solution as insoluble silver chloride. A silver
clectrode 1n the titration cell electrically replaces the used up
silver 1ons until the concentration of silver 1ons 1s back to
where 1t was before the titration began. By keeping track of
the amount of current needed to generate the required
amount of silver, the istrument i1s capable of determining
how much chlorine was present in the original sample.
Dividing the total amount of chlorine present by the weight
of the sample gives the concentration of chlorine that is
actually 1n the sample. Other techniques for assessing impu-
rities may be used.

[0166] Surface characterization and water content 1n the
clectrode 3 may be examined, for example, by infrared
spectroscopy techniques. The four major absorption bands at
around 1130, 1560, 3250 and 2300 cm™', correspond to
vC—0 m, vC—C 1n aryl, vO—H and vC—N, respectively.
By measuring the intensity and peak position, 1t 1s possible
to quantitatively i1dentify the surface impurities within the
clectrode 3.

[0167] Another technique for identitying impurities in the
clectrolyte 6 and the ultracapacitor 10 1s Raman spectros-
copy. This spectroscopic technique relies on inelastic scat-
tering, or Raman scattering, of monochromatic light, usually
from a laser 1n the visible, near infrared, or near ultraviolet
range. The laser light interacts with molecular vibrations,
phonons or other excitations in the system, resulting 1n the
energy ol the laser photons being shifted up or down. Thus,
this technique may be used to characterize atoms and
molecules within the ultracapacitor 10. A number of varia-
tions ol Raman spectroscopy are used, and may prove useful
in characterizing contents the ultracapacitor 10.

[0168] 111. Enhanced Electrolyte Combinations

[0169] The advanced electrolyte systems of the present
comprise, 1n one embodiment, include certain enhanced
clectrolyte combinations suitable for use in temperature
ranges from —-40 degrees Celsius to 210 degrees Celsius,
e.g., —40 degrees Celsius to 150 degrees Celsius, e.g., =30
degrees Celsius to 150 degrees Celsius, e.g., =30 degrees
Celsius to 140 degrees Celsius, e.g., —20 degrees Celsius to
140 degrees Celsius, e.g., -20 degrees Celsius to 130
degrees Celsius, e.g., —10 degrees Celsius to 130 degrees
Celsius, e.g., —10 degrees Celsius to 120 degrees Celsius,
¢.g., 0 degrees Celsius to 120 degrees Celsius, e.g., 0 degrees
Celsius to 110 degrees Celsius, e.g., 0 degrees Celsius to 100
degrees Celsius, e.g., 0 degrees Celsius to 90 degrees
Celsius, e.g., 0 degrees Celsius to 80 degrees Celsius, e.g.,
0 degrees Celsius to 70 degrees Celsius, without a significant
drop 1n performance or durability.

[0170] Generally, a higher degree of durability at a given
temperature may be coincident with a higher degree of
voltage stability at a lower temperature. Accordingly, the
development of a high temperature durability AES, with
enhanced electrolyte combinations, generally leads to simul-
taneous development of high voltage, but lower temperature
AES, such that these enhanced electrolyte combinations
described herein may also be useful at higher voltages, and
thus higher energy densities, but at lower temperatures.
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[0171] In one embodiment, the present invention provides
an enhanced electrolyte combination suitable for use 1n an
energy storage cell, e.g., an ultracapacitor, comprising a
novel mixture of electrolytes selected from the group con-
sisting of an 1onic liqud mixed with a second 1onic liquid,
an 1onic liquid mixed with an organic solvent, and an 1onic
liquid mixed with a second 1onic liquid and an organic
solvent:

[0172] wherein each 1onic liquid 1s selected from the salt
of any combination of the following cations and anions,
wherein the cations are selected from the group consisting of
1-butyl-3-methylimidazolium,  1-ethyl-3-methylimidazo-
lium, 1-hexyl-3-methylimidazolium, 1-butyl-1-methylpip-
eridinium, butyltrimethylammomum, 1-butyl-1-methylpyr-
rolidinium, trihexyltetradecylphosphonium, and 1-butyl-3-
methylimidaxolium; and the anions are selected from the
group consisting of tetrafluoroborate, bis(trifluoromethyl-
sulfonyl imide, tetracyanoborate, and trifluoromethanesul-
fonate; and

[0173] whereimn the organic solvent 1s selected from the
group consisting of linear sulfones (e.g., ethyl 1sopropyl
sulfone, ethyl 1sobutyl sultfone, ethyl methyl sulfone, methyl
1sopropyl sulfone, 1sopropyl isobutyl sulfone, 1sopropyl
s-butyl sulfone, butyl 1sobutyl sulfone, and dimethyl sul-
fone), linear carbonates (e.g., ethylene carbonate, propylene
carbonate, and dimethyl carbonate), and acetonitrile.

[0174] For example, given the combinations of cations
and anions above, each 1onic liquid may be selected from the
group consisting ol 1-butyl-3-methylimidazolium tetrafluo-
roborate; 1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl imide; 1-ethyl-3-methylimidazolium tetrafluorobo-
rate; 1-ethyl-3-methylimidazollum  tetracyanoborate;
1-hexyl-3-methylimidazolium tetracyanoborate; 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide;
1-butyl-1-methylpyrrolidinium tris(pentatluoroethyetritluo-
rophosphate; 1-butyl-1-methylpyrrolidinium tetracyanobo-
rate; trihexyltetradecylphosphonium bis(trifluoromethylsul-
fonyl)imide, 1-butyl-1-methylpiperidinium bis
(trifluvoromethylsulfonyl)imide, butyltrimethylammonium
bis(trifluoromethylsulfonyl)imide, and 1-butyl-3-methyl-
imidazolium trifluoromethanesulionate.

[0175] In certain embodiments, the 1onic liquid 1s 1-butyl-
3-methylimidazolium tetratluoroborate.

[0176] In certain embodiments, the 1onic liqud 1s 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide.

[0177] In certain embodiments, the 1onic liquid 1s 1-ethyl-
3-methylimidazolium tetratluoroborate.

[0178] In certain embodiments, the 1onic liquid 1s 1-ethyl-
3-methylimidazolium tetracyanoborate.

[0179] In certain embodiments, the 1onic liquid 1s 1-hexyl-
3-methylimidazolium tetracyanoborate.

[0180] In certain embodiments, the 1onic liquid 1s 1-butyl-
1 -methylpyrrolidinium bis(trifluoromethylsulfonylimide.

[0181] In one embodiment, the ionic liqud 1s 1-butyl-1-
methylpyrrolidinium  tris(pentatluoroethyl)trifluorophos-
phate.

[0182] In certain embodiments, the 1onic liquid 1s 1-butyl-

1 -methylpyrrolidinium tetracyanoborate.

[0183] In certain embodiments, the 1onic liquid is trihex-
yltetradecylphosphonium bis(trifluoromethylsulionyl)
imide.

[0184] In certain embodiments, the 1onic liquid 1s 1-butyl-

1 -methylpiperidinium bis(tritfluoromethylsulfonyl)imide.
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[0185] In certain embodiments, the 1onic liquid 1s butylt-
rimethylammonium bis(trifluoromethylsulfonyl)imide
[0186] In certain embodiments, the 1onic liquud 1s 1-butyl-
3-methylimidazolium trifluoromethanesulfonate.

[0187] In certain embodiments, the organic solvent 1is
selected from ethyl 1sopropyl sulifone, ethyl 1sobutyl sulfone,
cthyl methyl sulfone, methyl isopropyl sulione, isopropyl
1sobutyl sulfone, 1sopropyl s-butyl sulfone, butyl 1sobutyl
sulfone, or bimethyl sulfone, linear sulfones.

[0188] In certain embodiments, the organic solvent 1is
selected from polypropylene carbonate, propylene carbon-
ate, dimethyl carbonate, ethylene carbonate.

[0189] In certain embodiments, the organic solvent 1is
acetonitrile.
[0190] In certain embodiments, the enhanced electrolyte

composition 1s an 1onic liqmd with an organic solvent,
wherein the organic solvent 15 55%-90%, e.g., 37.5%, by
volume of the composition.

[0191] In certain embodiments, the enhanced electrolyte
composition 1s an 1onic liquid with a second 1onic liquid,
wherein one 1onic liquid 1s 5%-90%, e.g., 60%, by volume
of the composition.

[0192] The enhanced electrolyte combinations of the pres-
ent 1nvention provide a wider temperature range perior-
mance for an individual capacitor (e.g. without a significant
drop 1n capacitance and/or increase in ESR when transition-
ing between two temperatures, e.g. without more than a 90%
decrease 1n capacitance and/or a 1000% increase in ESR
when transitioning from about +30° C. to about —-40° C.),
and 1ncreased temperature durability for an 1individual
capacitor (e.g., less than a 50% decrease 1n capacitance at a
given temperature after a given time and/or less than a 100%
increase 1n ESR at a given temperature after a given time,
and/or less than 10 A/L of leakage current at a given
temperature after a given time, e.g., less than a 40% decrease
in capacitance and/or a 75% increase 1n ESR, and/or less
than 5 A/L of leakage current, e.g., less than a 30% decrease
in capacitance and/or a 50% increase 1n ESR, and/or less

than 1 A/L of leakage current). FIGS. 47A&B, FIGS.
48A&B and FIG. 49 depicts the behavior of an 10nic liquid
from the above listing at 125 degrees Celsius, a 37.5%
organic solvent-ionic liquid (same) v/v at 125 degrees Cel-
sius, and the same composition at —40 degrees Celsius,
respectively.

[0193] Without wishing to be bound by theory, the com-
binations described above provide enhanced eutectic prop-
erties that aflfect the freezing point of the advanced electro-
lyte system to aflord ultracapacitors that operate within
performance and durability standards at temperatures of
down to —40 degrees Celsius.

[0194] As described above for the novel electrolytes of the
present invention, 1n certain embodiments, the advanced
clectrolyte system (AES) may be admixed with electrolytes
provided that such combination does not significantly aflect
the advantages achieved by utilization of the advanced
clectrolyte system.

[0195] In certain embodiments, the enhanced electrolyte
combinations are selected herein for use the advanced
clectrolyte systems may also be purified. Such purification
may be performed using art-recognized techniques or tech-
niques provided herein.

[0196] B. Electrodes
[0197] The EDLC includes at least one pair of electrodes
3 (where the electrodes 3 may be referred to as a negative
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clectrode 3 and a positive electrode 3, merely for purposes
of referencing herein). When assembled into the ultraca-
pacitor 10, each of the electrodes 3 presents a double layer
of charge at an electrolyte interface. In some embodiments,
a plurality of electrodes 3 1s included (for example, 1n some
embodiments, at least two pairs ol electrodes 3 are
included). However, for purposes of discussion, only one
pair of electrodes 3 are shown. As a matter ol convention
herein, at least one of the electrodes 3 uses a carbon-based
energy storage media 1 (as discussed further herein) to
provide energy storage. However, for purposes of discussion
herein, 1t 1s generally assumed that each of the electrodes
includes the carbon-based energy storage media 1.

[0198] 1. Current Collector

[0199] Each of the electrodes 3 includes a respective
current collector 2 (also referred to as a “charge collector”).
In some embodiments, the electrodes 3 are separated by a
separator 3. In general, the separator 5 1s a thin structural
material (usually a sheet) used to separate the negative
clectrode 3 from the positive electrode 3. The separator 3
may also serve to separate pairs of the electrodes 3. Note
that, in some embodiments, the carbon-based energy storage
media 1 may not be included on one or both of the electrodes
3. That 1s, 1n some embodiments, a respective electrode 3
might consist of only the current collector 2. The material
used to provide the current collector 2 could be roughened,
anodized or the like to increase a surface area thereof. In
these embodiments, the current collector 2 alone may serve
as the electrode 3. With this 1n mind, however, as used
herein, the term “electrode 3 generally refers to a combi-
nation of the energy storage media 1 and the current col-
lector 2 (but this 1s not limiting, for at least the foregoing
reason).

10200]

[0201] In the exemplary ultracapacitor 10, the energy
storage media 1 1s formed of carbon nanotubes. The energy
storage media 1 may include other carbonaceous materials
including, for example, activated carbon, carbon fibers,
rayon, graphene, aerogel, carbon cloth, and a plurality of
forms of carbon nanotubes. Activated carbon electrodes can
be manufactured, for example, by producing a carbon base
material by carrying out a first activation treatment to a
carbon material obtained by carbonization of a carbon
compound, producing a formed body by adding a binder to
the carbon base material, carbonizing the formed body, and
finally producing an active carbon electrode by carrying out
a second activation treatment to the carbonized formed body.
Carbon fiber electrodes can be produced, for example, by

using paper or cloth pre-form with high surface area carbon
fibers.

[0202] In an exemplary method for fabricating carbon
nanotubes, an apparatus for producing an aligned carbon-
nanotube aggregate includes apparatus for synthesizing the
aligned carbon-nanotube aggregate on a base material hav-
ing a catalyst on a surface thereof. The apparatus includes a
formation unit that processes a formation step of causing an
environment surrounding the catalyst to be an environment
of a reducing gas and heating at least either the catalyst or
the reducing gas; a growth unit that processes a growth step
of synthesizing the aligned carbon-nanotube aggregate by
causing the environment surrounding the catalyst to be an
environment of a raw material gas and by heating at least
either the catalyst or the raw material gas; and a transfer unit
that transfers the base material at least from the formation

11. Energy Storage Media
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unmit to the growth unit. A variety of other methods and
apparatus may be employed to provide the aligned carbon-
nanotube aggregate.

[0203] In some embodiments, material used to form the
energy storage media 1 may include material other than pure
carbon (and the various forms of carbon as may presently
exist or be later devised). That 1s, various formulations of
other materials may be included 1n the energy storage media
1. More specifically, and as a non-limiting example, at least
one binder material may be used 1n the energy storage media
1, however, this 1s not to suggest or require addition of other
materials (such as the binder matenal). In general, however,
the energy storage media 1 1s substantially formed of carbon,
and may therefore referred to herein as a *“‘carbonaceous
maternial,” as a “carbonaceous layer” and by other similar
terms. In short, although formed predominantly of carbon,
the energy storage media 1 may include any form of carbon
(as well as any additives or impurities as deemed appropriate
or acceptable) to provide for desired functionality as energy
storage media 1.

[0204] In one set of embodiments, the carbonaceous mate-
rial includes at least about 60% elemental carbon by mass,
and 1in other embodiments at least about 75%, 85%, 90%,
95% or 98% by mass elemental carbon.

[0205] Carbonaceous material can mclude carbon 1n a
variety forms, including carbon black, graphite, and others.
The carbonaceous material can include carbon particles,
including nanoparticles, such as nanotubes, nanorods, gra-
phene sheets in sheet form, and/or formed into cones, rods,
spheres (buckyballs) and the like.

[0206] Some embodiments of various forms of carbona-
ceous material suited for use in energy storage media 1 are
provided herein as examples. These embodiments provide
robust energy storage and are well suited for use in the
clectrode 3. It should be noted that these examples are
illustrative and are not limiting of embodiments of carbo-
naceous material suited for use in energy storage media 1.

[0207] In certain embodiments, the porosity of the energy
storage media 1 of each electrode may be selected based on
the size of the respective electrolyte to improve the perfor-
mance of the capacitor.

[0208] An exemplary process for complimenting the
energy storage media 1 with the current collector 2 to
provide the electrode 3 1s now provided. Referring now to
FI1G. 2, a substrate 14 that 1s host to carbonaceous material
in the form of carbon nanotube aggregate (CNT) 1s shown.
In the embodiment shown, the substrate 14 includes a base
material 17 with a thin layer of a catalyst 18 disposed
thereon.

[0209] In general, the substrate 14 1s at least somewhat
flexible (1.e., the substrate 14 1s not brittle), and 1s fabricated
from components that can withstand environments for depo-
sition of the energy storage media 1 (e.g., CNT). For
example, the substrate 14 may withstand a high-temperature
environment of between about 400 degrees Celsius to about
1,100 degrees Celsius. A variety of materials may be used
for the substrate 14, as determined appropriate.

[0210] Refer now to FIG. 3. Once the energy storage
media 1 (e.g., CNT) has been fabricated on the substrate 14,
the current collector 2 may be disposed thereon. In some
embodiments, the current collector 2 1s between about 0.5
micrometers (um) to about 25 micrometers (um) thick. In
some embodiments, the current collector 2 1s between about
20 micrometers (um) to about 40 micrometers (um) thick.
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The current collector 2 may appear as a thin layer, such as
layer that 1s applied by chemical vapor deposition (CVD),
sputtering, e-beam, thermal evaporation or through another
suitable technique. Generally, the current collector 2 1s
selected for 1ts properties such as conductivity, being elec-
trochemically inert and compatible with the energy storage
media 1 (e.g., CNT). Some exemplary maternials include
aluminum, platinum, gold, tantalum, titanium, and may
include other materials as well as various alloys.

[0211] Once the current collector 2 1s disposed onto the
energy storage media 1 (e.g., CNT), an electrode element 135
1s realized. Fach electrode element 15 may be used indi-
vidually as the electrode 3, or may be coupled to at least
another electrode element 15 to provide for the electrode 3.
[0212] Once the current collector 2 has been fabricated
according to a desired standard, post-fabrication treatment
may be undertaken. Exemplary post-treatment includes
heating and cooling of the energy storage media 1 (e.g.,
CNT) 1n a slightly oxidizing environment. Subsequent to
tabrication (and optional post-treatment), a transier tool may
be applied to the current collector 2. Reference may be had

to FI1G. 4.

[0213] FIG. 4 1llustrates application of transfer tool 13 to
the current collector 2. In this example, the transfer tool 13
1s a thermal release tape, used 1n a “dry” transier method.
Exemplary thermal release tape 1s manufactured by NITTO
DENKO CORPORATION of Fremont, Calif. and Osaka,
Japan. One suitable transfer tape 1s marketed as REVAL-
PHA. This release tape may be characterized as an adhesive
tape that adheres tightly at room temperature and can be
peeled off by heating. This tape, and other suitable embodi-
ments of thermal release tape, will release at a predeter-
mined temperature. Advantageously, the release tape does

not leave a chemically active residue on the electrode
clement 15.

[0214] In another process, referred to as a “wet” transier
method, tape designed for chemical release may be used.
Once applied, the tape 1s then removed by immersion 1n a
solvent. The solvent 1s designed to dissolve the adhesive.

[0215] In other embodiments, the transier tool 13 uses a
“pneumatic” method, such as by application of suction to the
current collector 2. The suction may be applied, for example,
through a slightly oversized paddle having a plurality of
perforations for distributing the suction. In another example,
the suction 1s applied through a roller having a plurality of
perforations for distributing the suction. Suction driven
embodiments offer advantages of being electrically con-
trolled and economic as consumable materials are not used
as a part of the transfer process. Other embodiments of the
transier tool 13 may be used.

[0216] Once the transfer tool 13 has been temporarily
coupled to the current collector 2, the electrode element 135
1s gently removed from the substrate 14 (see FIGS. 4 and 5).
The removal generally involves peeling the energy storage
media 1 (e.g., CNT) from the substrate 14, beginning at one
edge of the substrate 14 and energy storage media 1 (e.g.,
CNT).

[0217] Subsequently, the transier tool 13 may be separated
from the electrode element 15 (see FIG. 6). In some embodi-
ments, the transfer tool 13 1s used to install the electrode
clement 15. For example, the transfer tool 13 may be used
to place the electrode element 15 onto the separator 3. In
general, once removed from the substrate 14, the electrode
clement 15 1s available for use.
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[0218] In instances where a large electrode 3 1s desired, a
plurality of the electrode elements 15 may be mated. Ref-
erence may be had to FIG. 7. As shown 1n FIG. 7, a plurality
of the electrode elements 15 may be mated by, for example,
coupling a coupling 52 to each electrode element 15 of the
plurality of electrode elements 15. The mated electrode
clements 15 provide for an embodiment of the electrode 3.
[0219] In some embodiments, the coupling 22 1s coupled
to each of the electrode elements 135 at a weld 21. Each of
the welds 21 may be provided as an ultrasonic weld 21. It
has been found that ultrasonic welding techniques are par-
ticularly well suited to providing each weld 21. That 1s, 1n
general, the aggregate of energy storage media 1 (e.g., CNT)
1s not compatible with welding, where only a nominal
current collector, such as disclosed herein 1s employed. As
a result, many techniques for joining electrode elements 15
are disruptive, and damage the element 15. However, 1n
other embodiments, other forms of coupling are used, and
the coupling 22 1s not a weld 21.

[0220] The coupling 22 may be a foil, a mesh, a plurality
of wires or i other forms. Generally, the coupling 22 is
selected for properties such as conductivity and being elec-
trochemically nert. In some embodiments, the coupling 22
1s fabricated from the same material(s) as are present in the
current collector 2.

[0221] In some embodiments, the coupling 22 is prepared
by removing an oxide layer thereon. The oxide may be
removed by, for example, etching the coupling 22 before
providing the weld 21. The etching may be accomplished,
for example, with potassium hydroxide (KOH). The elec-
trode 3 may be used 1n a variety of embodiments of the
ultracapacitor 10. For example, the electrode 3 may be rolled
up 1nto a “jelly roll” type of energy storage.

[0222] C. Separator

[0223] The separator 5 may be fabricated from various
materials. In some embodiments, the separator 5 1s non-
woven glass. The separator 5 may also be fabricated from
fiberglass, ceramics and flouro-polymers, such as polytetra-
fluoroethylene (PTFE), commonly marketed as TEFLON™
by DuPont Chemicals of Wilmington, Del. For example,
using non-woven glass, the separator 5 can include main
fibers and binder fibers each having a fiber diameter smaller
than that of each of the main fibers and allowing the main
fibers to be bonded together.

[0224] For longevity of the ultracapacitor 10 and to assure
performance at high temperature, the separator 5 should
have a reduced amount of impurities and 1n particular, a very
limited amount of moisture contained therein. In particular,
it has been found that a limitation of about 200 ppm of
moisture 1s desired to reduce chemical reactions and
improve the lifetime of the ultracapacitor 10, and to provide
for good performance 1n high temperature applications.
Some embodiments of materials for use in the separator 5
include polyamide, polytetrafluoroethylene (PTFE),
polyetheretherketone (PEEK), aluminum oxide (Al,O,),
fiberglass, and glass-reinforced plastic (GRP).

[0225] In general, materials used for the separator 5 are
chosen according to moisture content, porosity, melting
point, impurity content, resulting electrical performance,
thickness, cost, availability and the like. In some embodi-
ments, the separator 5 1s formed of hydrophobic materials.

[0226] Accordingly, procedures may be employed to
ensure excess moisture 1s eliminated from each separator 5.
Among other techniques, a vacuum drying procedure may
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be used. A selection of materials for use 1n the separator 5
1s provided 1n Table 1. Some related performance data 1s
provided in Table 2.

TABLE 1

Separator Materials

PPM
Melting PPM H,O H,0 Vacuum dry

Material pomnt  unbaked baked procedure
Polyamide 256° C. 2052 20  180° C. for 24 h
Polytetrafluoroethylene, 327° C. 286 135 150° C. for 24 h
PTFE

Polyether ether ketone, 256° C. 130 50 215° C.for 12 h
PEEK

Aluminmum Oxide, 330° C. 1600 100 215° C. for 24 h

Al,Oq
Fiberglass (GRP)

320° C. 2000 167 215° C.for 12 h

TABLE 2

Separator Performance Data

ESR 1¥¢ ESR 274

Material um  Porosity test (£2) test (€2) After 10 CV
Polyamide 42 Nonwoven  1.069 1.069 1.213
PEEK 45  Mesh 1.665 1.675 2.160
PEEK 60% 25 60% 0.829 0.840 0.883
Fiberglass (GRP) 160 Nonwoven  0.82% 0.828 0.824
Aluminum 25 — 2.400 2.400 2.400

Oxide, Al,O;

[0227] In order to collect data for Table 2, two electrodes
3, based on carbonaceous material, were provided. The
clectrodes 3 were disposed opposite to and facing each other.
Each of the separators S were placed between the electrodes
3 to prevent a short circuit. The three components were then
wetted with electrolyte 6 and compressed together. Two
aluminum bars and PTFE material was used as an external
structure to enclose the resulting ultracapacitor 10.

[0228] The ESR 1° test and ESR 27 test were performed
with the same configuration one after the other. The second
test was run five minutes after the first test, leaving time for
the electrolyte 6 to further soak into the components.
[0229] In certain embodiments, the ultracapacitor 10 does
not include the separator 5. For example, in particular
embodiments, such as where the electrodes 3 are assured of
physical separation by a geometry of construction, it suflices
to have electrolyte 6 alone between the electrodes 3. More
specifically, and as an example of physical separation, one
such ultracapacitor 10 may include electrodes 3 that are
disposed within a housing such that separation 1s assured on
a continuous basis. A bench-top example would include an
ultracapacitor 10 provided 1n a beaker.

[0230] D. Storage Cell

[0231] Once assembled, the electrodes 3 and the separator
5 provide a storage cell 12. Generally, the storage cell 12 1s
formed into one of a wound form or prismatic form which
1s then packaged 1nto a cylindrical or prismatic housing 7.
Once the electrolyte 6 has been included, the housing 7 may
be hermetically sealed. In various examples, the package 1s
hermetically sealed by techniques making use of laser,
ultrasonic, and/or welding technologies. In addition to pro-
viding robust physical protection of the storage cell 12, the
housing 7 1s configured with external contacts to provide
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clectrical communication with respective terminals 8 within
the housing 7. Each of the terminals 8, 1n turn, provides
clectrical access to energy stored in the energy storage media
1, generally through electrical leads which are coupled to the
energy storage media 1.

[0232] Generally, the ultracapacitor 10 disclosed herein 1s
capable of providing a hermetic seal that has a leak rate no
greater than about 5.0x107° atm-cc/sec, and may exhibit a
leak rate no higher than about 5.0x107'° atm-cc/sec. It is
also considered that performance of a successiully hermetic
seal 1s to be judged by the user, designer or manufacturer as
appropriate, and that “hermetic” ultimately 1mplies a stan-
dard that 1s to be defined by a user, designer, manufacturer
or other interested party.

[0233] Leak detection may be accomplished, for example,
by use of a tracer gas. Using tracer gas such as helium for
leak testing 1s advantageous as it 1s a dry, fast, accurate and
non destructive method. In one example of this technique,
the ultracapacitor 10 1s placed into an environment of
helium. The ultracapacitor 10 1s subjected to pressurized
helium. The ultracapacitor 10 1s then placed into a vacuum
chamber that 1s connected to a detector capable of monitor-
ing helium presence (such as an atomic absorption unit).
With knowledge of pressurization time, pressure and inter-

nal volume, the leak rate of the ultracapacitor 10 may be
determined.

[0234] In some embodiments, at least one lead (which
may also be referred to herein as a *“tab”) 1s electrically
coupled to a respective one of the current collectors 2. A
plurality of the leads (accordingly to a polarity of the
ultracapacitor 10) may be grouped together and coupled to
into a respective terminal 8. In turn, the terminal 8 may be
coupled to an electrical access, referred to as a “contact”
(e.g., one of the housing 7 and an external electrode (also
referred to herein for convention as a “feed-through™ or

“pin”’)). Reference may be had to FIGS. 28 and 32-34.
[0235] E. Housing

[0236] FIG. 11 depicts aspects of an exemplary housing 7.
Among other things, the housing 7 provides structure and
physical protection for the ultracapacitor 10. In this
example, the housing 7 includes an annular cylindrically
shaped body 20 and a complimentary cap 24. In this
embodiment, the cap 24 includes a central portion that has
been removed and filled with an electrical insulator 26. A
cap feed-through 19 penetrates through the electrical 1nsu-
lator 26 to provide users with access to the stored energy.
Moreover, the housing may also include an inner bather 30.

[0237] Although this example depicts only one feed-
through 19 on the cap 24, 1t should be recognized that the
construction of the housing 7 1s not limited by the embodi-
ments discussed herein. For example, the cap 24 may
include a plurality of feed-throughs 19. In some embodi-
ments, the body 20 includes a second, similar cap 24 at the
opposing end of the annular cylinder. Further, it should be
recognized that the housing 7 1s not limited to embodiments
having an annular cylindrically shaped body 20. For
example, the housing 7 may be a clamshell design, a
prismatic design, a pouch, or of any other design that 1s
appropriate for the needs of the designer, manufacturer or
user.

[0238] Referring now to FIG. 12, there 1s shown an
exemplary energy storage cell 12. In this example, the
energy storage cell 12 1s a “jelly roll” type of energy storage.
In these embodiments, the energy storage materials are



US 2017/0316889 Al

rolled up 1nto a tight package. A plurality of leads generally
form each terminal 8 and provide electrical access to the
appropriate layer of the energy storage cell 12. Generally,
when assembled, each terminal 8 1s electrically coupled to
the housing 7 (such as to a respective feed-through 19 and/or
directly to the housing 7). The energy storage cell 12 may
assume a variety of forms. There are generally at least two
plurality of leads (e.g., terminals 8), one for each current
collector 2. For simplicity, only one of terminal 8 1s shown
in FIGS. 12, 15 and 17.

[0239] A haghly eflicient seal of the housing 7 1s desired.
That 1s, preventing intrusion of the external environment
(such as air, humidity, etc,) helps to maintain purity of the
components of the energy storage cell 12. Further, this
prevents leakage of electrolyte 6 from the energy storage cell
12.

[0240] In this example, the cap 24 1s fabricated with an
outer diameter that 1s designed for fitting snugly within an
inner diameter of the body 20. When assembled, the cap 24
may be welded into the body 20, thus providing users with
a hermetic seal. Exemplary welding techniques include laser
welding and TIG welding, and may include other forms of
welding as deemed appropriate.

[0241] Common materials for the housing 7 include stain-
less steel, aluminum, tantalum, titanium, nickel, copper, tin,
various alloys, laminates, and the like. Structural matenals,
such as some polymer-based materials may be used 1n the
housing 7 (generally in combination with at least some
metallic components).

[0242] In some embodiments, a material used for con-
struction of the body 20 includes aluminum, which may
include any type of aluminum or aluminum alloy deemed
appropriate by a designer or fabricator (all of which are
broadly referred to herein simply as “aluminum’™). Various
alloys, laminates, and the like may be disposed over (e.g.,
clad to) the aluminum (the aluminum being exposed to an
interior of the body 20). Additional materials (such as
structural materials or electrically insulative materials, such
as some polymer-based materials) may be used to compli-
ment the body and/or the housing 7. The materials disposed
over the aluminum may likewise be chosen by what 1s
deemed appropriate by a designer or fabricator.

[0243] In some embodiments, the multi-layer material 1s
used for internal components. For example, aluminum may
be clad with stainless steel to provide for a multi-layer
material 1n at least one of the terminals 8. In some of these
embodiments, a portion of the aluminum may be removed to
expose the stainless steel. The exposed stainless steel may
then be used to attach the terminal 8 to the feed-through 19
by use of simple welding procedures.

[0244] Using the clad material for internal components
may call for particular embodiments of the clad material. For
example, it may be beneficial to use clad maternial that
include aluminum (bottom layer), stainless steel and/or
tantalum (intermediate layer) and aluminum (top layer),
which thus limits exposure of stainless steel to the internal
environment of the ultracapacitor 10. These embodiments
may be augmented by, for example, additional coating with

[

polymeric matenals, such as PTFE.

[0245] Accordingly, providing a housing 7 that takes
advantage of multi-layered material provides for an energy
storage that exhibits leakage current with comparatively low
initial values and substantially slower increases in leakage
current over time 1n view of the prior art. Significantly, the
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leakage current of the energy storage remains at practical
(1.e., desirably low) levels when the ultracapacitor 10 1s
exposed to ambient temperatures for which prior art capaci-
tors would exhibit prolibitively large 1nitial values of leak-
age current and/or prohibitively rapid increases in leakage
current over time.

[0246] Additionally, the ultracapacitor 10 may exhibit
other benefits as a result of reduced reaction between the
housing 7 and the energy storage cell 12. For example, an
cllective series resistance (ESR) of the energy storage may
exhibit comparatively lower values over time. Further, the
unwanted chemical reactions that take place in a prior art
capacitor often create unwanted eflects such as out-gassing,
or 1n the case of a hermetically sealed housing, bulging of
the housing 7. In both cases, this leads to a compromise of
the structural integrity of the housing 7 and/or hermetic seal
of the energy storage. Ultimately, this may lead to leaks or
catastrophic failure of the prior art capacitor. These eflects
may be substantially reduced or eliminated by the applica-
tion of a disclosed barrer.

[0247] By use of a multi-layer material (e.g., a clad
material), stainless steel may be incorporated into the hous-
ing 7, and thus components with glass-to-metal seals may be
used. The components may be welded to the stainless steel
side of the clad material using techmiques such as laser or
resistance welding, while the aluminum side of the clad
material may be welded to other aluminum parts (e.g., the
body 20).

[0248] In some embodiments, an insulative polymer may
be used to coat parts of the housing 7. In this manner, 1t 1s
possible to msure that the components of the energy storage
are only exposed to acceptable types of metal (such as the
aluminum). Exemplary insulative polymer includes PFA,
FEP, TFE, and PTFE. Suitable polymers (or other materials)
are limited only by the needs of a system designer or
fabricator and the properties of the respective materials.
Retference may be had to FIG. 23, where a small amount of
insulative material 39 1s included to limit exposure of
clectrolyte 6 to the stainless steel of the sleeve 51 and the
feed-through 19. In this example, the terminal 8 1s coupled
to the feed-through 19, such as by welding, and then coated
with the insulative material 39.

[0249] 1. Housing Cap

[0250] Although this example depicts only one feed-
through 19 on the cap 24, 1t should be recognized that the
construction of the housing 7 1s not limited by the embodi-
ments discussed herein. For example, the cap 24 may
include a plurality of feed-throughs 19. In some embodi-
ments, the body 20 includes a second, similar cap 24 at an
opposing end of the annular cylinder. Further, it should be
recognized that the housing 7 1s not limited to embodiments
having an annular cylindrically shaped body 20. For
example, the housing 7 may be a clamshell design, a
prismatic design, a pouch, or of any other design that 1s
appropriate for the needs of the designer, manufacturer or
user.

[0251] Referring now to FIG. 18, aspects of embodiments
of a blank 34 for the cap 24 are shown. In FIG. 18A, the
blank 34 includes a multi-layer material. A layer of a first
material 41 may be aluminum. A layer of a second material
42 may be stainless steel. In the embodiments of FIG. 18, the
stainless steel 1s clad onto the aluminum, thus providing for
a material that exhibits a desired combination of metallur-
gical properties. That 1s, 1 the embodiments provided
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herein, the aluminum 1s exposed to an interior of the energy
storage cell (1.e., the housing), while the stainless steel 1s
exposed to exterior. In this manner, advantageous electrical
properties of the aluminum are enjoyed, while structural
properties (and metallurgical properties, 1.e., weldability) of
the stainless steel are relied upon for construction. The
multi-layer material may include additional layers as
deemed appropnate.

[0252] As mentioned above, the layer of first material 41
1s clad onto (or with) the layer of second material 42.
Referring still to FIG. 18A, 1n one embodiment, a sheet of
flat stock (as shown) 1s used to provide the blank 34 to create
a flat cap 24. A portion of the layer of second material 42
may be removed (such as around a circumierence of the cap
24) 1n order to facilitate attachment of the cap 24 to the body
20. In FIG. 18B, another embodiment of the blank 34 i1s
shown. In this example, the blank 34 1s provided as a sheet
of clad matenial that 1s formed 1nto a concave configuration.
In FIG. 18C, the blank 34 1s provided as a sheet of clad
material that 1s formed into a convex configuration. The cap
24 that 1s fabricated from the various embodiments of the
blank 34 (such as those shown 1n FIG. 18), are configured to
support welding to the body 20 of the housing 7. More
specifically, the embodiment of FIG. 18B 1s adapted for
fitting within an inner diameter of the body 20, while the
embodiment of FIG. 18C 1s adapted for fitting over an outer
diameter of the body 20. In various alternative embodi-
ments, the layers of clad material within the sheet may be
reversed.

[0253] Referring now to FIG. 19, there 1s shown an
embodiment of an electrode assembly 50. The electrode
assembly 50 1s designed to be installed into the blank 34 and
to provide electrical communication from the energy storage
media to a user. Generally, the electrode assembly 30
includes a sleeve 51. The sleeve 51 surrounds the 1nsulator
26, which 1n turn surrounds the feed-through 19. In this
example, the sleeve 31 1s an annular cylinder with a flanged
top portion.

[0254] In order to assemble the cap 24, a perforation (not
shown) 1s made in the blank 34. The perforation has a
geometry that 1s sized to match the electrode assembly 50.
Accordingly, the electrode assembly 50 is inserted into
perforation of the blank 34. Once the electrode assembly 50
1s mserted, the electrode assembly 50 may be athixed to the
blank 34 through a technique such as welding. The welding
may be laser welding which welds about a circumierence of
the tlange of sleeve 51. Referring to FIG. 20, points 61
where welding 1s performed are shown. In this embodiment,
the points 61 provide suitable locations for welding of
stainless steel to stainless steel, a relatively simple welding
procedure. Accordingly, the teachings herein provide for

welding the electrode assembly 50 securely into place on the
blank 34.

[0255] Material for constructing the sleeve 51 may include
various types of metals or metal alloys. Generally, materials
for the sleeve 51 are selected according to, for example,
structural integrity and bondability (to the blank 34). Exem-
plary materials for the sleeve 51 include 304 stainless steel
or 316 stainless steel. Material for constructing the feed-
through 19 may include various types ol metals or metal
alloys. Generally, materials for the feed-through 19 are
selected according to, for example, structural integrity and
clectrical conductance. Exemplary materials for the elec-
trode include 446 stainless steel or 52 alloy.
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[0256] Generally, the msulator 26 1s bonded to the sleeve
51 and the feed-through 19 through known techniques (i.e.,
glass-to-metal bonding). Material for constructing the 1nsu-
lator 26 may include, without limitation, various types of
glass, mcluding high temperature glass, ceramic glass or
ceramic materials. Generally, materials for the insulator are
selected according to, for example, structural integrity and
clectrical resistance (1.e., electrical insulation properties).
[0257] Use of components (such as the foregoing embodi-
ment of the electrode assembly 50) that rely on glass-to-
metal bonding as well as use of various welding techniques
provides for hermetic sealing of the energy storage. Other
components may be used to provide hermetic sealing as
well. As used herein, the term “hermetic seal” generally
refers to a seal that exhibits a leak rate no greater than that
which 1s defined herein. However, 1t 1s considered that the
actual seal eflicacy may perform better than this standard.
[0258] Additional or other techniques for coupling the
clectrode assembly 50 to the blank 34 include use of a
bonding agent under the flange of the sleeve 51 (between the
flange and the layer of second material 42), when such
techniques are considered appropriate.

[0259] Referring now to FIG. 21, the energy storage cell
12 1s disposed within the body 20. The at least one terminal
8 1s coupled appropriately (such as to the feed-through 19),
and the cap 24 1s mated with the body 20 to provide for the
ultracapacitor 10.

[0260] Once assembled, the cap 24 and the body 20 may
be sealed. FIG. 22 depicts various embodiments of the
assembled energy storage (in this case, the ultracapacitor
10). In FIG. 22A, a flat blank 34 (see FIG. 18A) 1s used to
create a flat cap 24. Once the cap 24 is set on the body 20,
the cap 24 and the body 20 are welded to create a seal 62.
In this case, as the body 20 i1s an annular cylinder, the weld
proceeds circumierentially about the body 20 and cap 24 to
provide the seal 62. In a second embodiment, shown 1n FIG.
22B, the concave blank 34 (see FIG. 18B) 1s used to create
a concave cap 24. Once the cap 24 1s set on the body 20, the
cap 24 and the body 20 are welded to create the seal 62. In
a third embodiment, shown 1n FIG. 22C, the convex blank
34 (see FIG. 18C) 1s used to create a convex cap 24. Once
the cap 24 1s set on the body 20, the cap 24 and the body 20
may be welded to create the seal 62.

[0261] As appropriate, clad material may be removed (by
techniques such as, for example, machining or etching, etc,)
to expose other metal 1n the multi-layer material. Accord-
ingly, 1n some embodiments, the seal 62 may include an
aluminum-to-aluminum weld. The aluminum-to-aluminum
weld may be supplemented with other fasteners, as appro-
priate.

[0262] Other techniques may be used to seal the housing
7. For example, laser welding, TIG welding, resistance
welding, ultrasonic welding, and other forms of mechanical
sealing may be used. It should be noted, however, that 1n
general, traditional forms of mechanical sealing alone are
not adequate for providing the robust hermetic seal offered
in the ultracapacitor 10.

[0263] Refer now to FIG. 24 1n which aspects of assembly
another embodiment of the cap 24 are depicted. FIG. 24A
depicts a template (1.e., the blank 34) that 1s used to provide
a body of the cap 24. The template 1s generally sized to mate

with the housing 7 of an appropniate type of energy storage
cell (such as the ultracapacitor 10). The cap 24 may be
formed by mtially providing the template forming the
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template, including a dome 37 within the template (shown in
FIG. 24B) and by then perforating the dome 37 to provide
a through-way 32 (shown 1n FIG. 24C). Of course, the blank
34 (e.g., a circular piece of stock) may be pressed or
otherwise fabricated such that the foregoing features are
simultaneously provided.

[0264] In general, and with regard to these embodiments,
the cap may be formed of aluminum, or an alloy thereof.
However, the cap may be formed of any material that is
deemed suitable by a manufacturer, user, designer and the
like. For example, the cap 24 may be fabricated from steel
and passivated (1.e., coated with an inert coating) or other-
wise prepared for use 1n the housing 7.

[0265] Referring now also to FIG. 25, there 1s shown
another embodiment of the electrode assembly 50. In these
embodiments, the electrode assembly 350 includes the feed-
through 19 and a hemispherically shaped material disposed
about the feed-through 19. The hemispherically shaped
material serves as the nsulator 26, and 1s generally shaped
to conform to the dome 37. The hemispheric msulator 26
may be fabricated of any suitable material for providing a
hermetic seal while withstanding the chemical influence of
the electrolyte 6. Exemplary materials include PFA (pertluo-
roalkoxy polymer), FEP (fluorinated ethylene-propylene),
PVF (polyvinylfluoride), TFE (tetrafluoroethylene), CTFE
(chlorotrifluoroethylene), PCTFE (polychlorotrifluoroethyl-
ene), ETFE (polyethylenetetrafluoroethylene), ECTFE
(polyethylenechlorotrifluoroethylene), PTFE (polytetratliuo-
roethylene), another fluoropolymer based material as well as
any other matenial that may exhibit similar properties (in
varying degrees) and provide for satisfactory performance
(such as by exhibiting, among other things, a high resistance
to solvents, acids, and bases at high temperatures, low cost

and the like).

[0266] The feed-through 19 may be formed of aluminum,
or an alloy thereol. However, the feed-through 19 may be
formed of any material that 1s deemed suitable by a manu-
facturer, user, designer and the like. For example, the
teed-through 19 may be fabricated from steel and passivated
(1.e., coated with an mert coating, such as silicon) or
otherwise prepared for use 1n the electrode assembly 50. An
exemplary technique for passivation includes depositing a
coating of hydrogenated amorphous silicon on the surface of
the substrate and functionalizing the coated substrate by
exposing the substrate to a binding reagent having at least
one unsaturated hydrocarbon group under pressure and
clevated temperature for an eflective length of time. The
hydrogenated amorphous silicon coating 1s deposited by
exposing the substrate to silicon hydride gas under pressure
and elevated temperature for an effective length of time.

[0267] The hemispheric insulator 26 may be sized relative
to the dome 37 such that a snug fit (1.e., hermetic seal) 1s
achieved when assembled into the cap 24. The hemispheric
insulator 26 need not be perfectly symmetric or of classic
hemispheric proportions. That 1s, the hemispheric insulator
26 1s substantially hemispheric, and may include, for
example, slight adjustments in proportions, a modest flange
(such as at the base) and other features as deemed appro-
priate. The hemispheric insulator 26 1s generally formed of
homogeneous material, however, this 1s not a requirement.
For example, the hemispheric insulator 26 may include an
air or gas filled torus (not shown) therein to provide for
desired expansion or compressibility.
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[0268] As shown in FIG. 26, the electrode assembly 50
may be 1nserted into the template (1.¢., the formed blank 34)
to provide for an embodiment of the cap 24 that includes a
hemispheric hermetic seal.

[0269] As shown m FIG. 27, in various embodiments, a
retainer 43 may be bonded or otherwise mated to a bottom
of the cap 24 (1.e., a portion of the cap 24 that faces to an
interior of the housing 7 and faces the energy storage cell
12). The retamner 43 may be bonded to the cap 24 through
vartous techniques, such as aluminum welding (such as
laser, ultrasonic and the like). Other techniques may be used
for the bonding, including for example, stamping (i.e.,
mechanical bonding) and brazing. The bonding may occur,
for example, along a perimeter of the retainer 43. Generally,
the bonding 1s provided for 1n at least one bonding point to
create a desired seal 71. At least one fastener, such as a
plurality of rivets may be used to seal the insulator 26 within
the retainer 43.

[0270] In the example of FIG. 27, the cap 24 1s of a
concave design (see FIG. 18B). However, other designs may
be used. For example, a convex cap 24 may be provided
(FI1G. 18C), and an over-cap 24 may also be used (a variation

of the embodiment of FIG. 18C, which 1s configured to
mount as depicted in FIG. 22C).

[0271] The material used for the cap as well as the
teed-through 19 may be selected with regard for thermal
expansion of the hemispheric msulator 26. Further, manu-
facturing techniques may also be devised to account for
thermal expansion. For example, when assembling the cap
24, a manufacturer may apply pressure to the hemispheric
insulator 26, thus at least somewhat compressing the hemi-
spheric mnsulator 26. In this manner, there at least some
thermal expansion of the cap 24 1s provided for without
jeopardizing eflicacy of the hermetic seal.

[0272] For further clarification of the assembled ultraca-
pacitor, refer to FIG. 28, where a cut-away view of the
ultracapacitor 10 1s provided. In this example, the storage
cell 12 1s inserted into and contained within the body 20.
Each plurality of leads are bundled together and coupled to
the housing 7 as one of the terminals 8. In some embodi-
ments, the plurality of leads are coupled to a bottom of the
body 20 (on the interior), thus turning the body 20 into a
negative contact 535. Likewise, another plurality of leads are
bundled and coupled to the feed-through 19, to provide a
positive contact 56. Flectrical 1solation of the negative
contact 55 and the positive contact 56 1s preserved by the
clectrical insulator 26. Generally, coupling of the leads 1s
accomplished through welding, such as at least one of laser
and ultrasonic welding. Of course, other techniques may be
used as deemed appropriate.

10273]

[0274] Referring now to FIG. 13, the housing 7 may
include an imner barrier 30. In some embodiments, the
barrier 30 1s a coating. In this example, the barrier 30 1s
formed of polytetratluoroethylene (PTFE). Polytetratluoro-
cthylene (PTFE) exhibits various properties that make this
composition well suited for the barrier 30. PI'FE has a
melting point of about 327 degrees Celsius, has excellent
dielectric properties, has a coellicient of friction of between
about 0.05 to 0.10, which is the third-lowest of any known
solid material, has a high corrosion resistance and other
beneficial properties. Generally, an interior portion of the
cap 24 may include the barrier 30 disposed thereon.

11. Inner Barrier
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[0275] Other materials may be used for the barrier 30.
Among these other materials are forms of ceramics (any
type of ceramic that may be suitably applied and meet
performance criteria), other polymers (preferably, a high
temperature polymer) and the like. Exemplary other poly-
mers include perfluoroalkoxy (PFA) and fluorinated ethyl-

ene propylene (FEP) as well as ethylene tetratluoroethylene
(ETFE).

[0276] The barrnier 30 may include any material or com-
binations of materials that provide for reductions 1n electro-
chemical or other types of reactions between the energy
storage cell 12 and the housing 7 or components of the
housing 7. In some embodiments, the combinations are
manifested as homogeneous dispersions of differing mate-
rials within a single layer. In other embodiments, the com-
binations are manifested as diflering materials within a
plurality of layers. Other combinations may be used. In
short, the barrier 30 may be considered as at least one of an
clectrical imnsulator and chemically 1nert (1.e., exhibiting low
reactivity) and therefore substantially resists or impedes at
least one of electrical and chemical interactions between the
storage cell 12 and the housing 7. In some embodiments, the
term “low reactivity” and “low chemical reactivity” gener-
ally refer to a rate of chemical interaction that 1s below a

level of concern for an interested party.

[0277] In general, the interior of the housing 7 may be host
to the barrier 30 such that all surfaces of the housing 7 which
are exposed to the interior are covered. At least one
untreated area 31 may be included within the body 20 and
on an outer surface 36 of the cap 24 (see FIG. 14A). In some
embodiments, untreated areas 31 (see FIG. 14B) may be
included to account for assembly requirements, such as areas
which will be sealed or connected (such as by welding).

[0278] The barrier 30 may be applied to the interior
portions using conventional techniques. For example, 1n the
case of PIFE, the barrier 30 may be applied by painting or
spraying the barrier 30 onto the interior surface as a coating.
A mask may be used as a part of the process to ensure
untreated areas 31 retain desired integrity. In short, a variety
of techniques may be used to provide the barrier 30.

[0279] In an exemplary embodiment, the barrier 30 1is
about 3 mil to about 5 mil thick, while material used for the
barrier 30 1s a PFA based material. In this example, surfaces
for receiving the material that make up the barrier 30 are
prepared with grit blasting, such as with aluminum oxide.
Once the surfaces are cleaned, the material 1s applied, first
as a liquid then as a powder. The material 1s cured by a heat
treating process. In some embodiments, the heating cycle 1s
about 10 minutes to about 15 minutes in duration, at
temperatures of about 370 degrees Celsius. This results 1n a
continuous finish to the barrier 30 that 1s substantially free
of pin-hole sized or smaller defects. FIG. 15 depicts assem-
bly of an embodiment of the ultracapacitor 10 according to
the teachings herein. In this embodiment, the ultracapacitor
10 includes the body 20 that includes the barrier 30 disposed
therein, a cap 24 with the barrier 30 disposed therein, and the
energy storage cell 12. During assembly, the cap 24 1s set
over the body 20. A first one of the terminals 8 1s electrically
coupled to the cap feed-through 19, while a second one of
the terminals 8 1s electrically coupled to the housing 7,
typically at the bottom, on the side or on the cap 24. In some
embodiments, the second one of the terminals 8 1s coupled
to another feed-through 19 (such as of an opposing cap 24).
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[0280] With the barrier 30 disposed on the interior surface
(s) of the housing 7, electrochemical and other reactions
between the housing 7 and the eclectrolyte are greatly
reduced or substantially eliminated. This 1s particularly
significant at higher temperatures where a rate of chemical
and other reactions 1s generally increased.

[0281] Referring now to FIG. 16, there 1s shown relative
performance of the ultracapacitor 10 1n comparison to an
otherwise equivalent ultracapacitor. In FIG. 16A, leakage
current 1s shown for a prior art embodiment of the ultraca-
pacitor 10. In FIG. 16B, leakage current 1s shown for an
equivalent ultracapacitor 10 that includes the barrier 30. In
FIG. 16B, the ultracapacitor 10 1s electrically equivalent to
the ultracapacitor whose leakage current 1s shown i FIG.
16A. In both cases, the housing 7 was stainless steel, and the
voltage supplied to the cell was 1.75 Volts, and electrolyte
was not purified. Temperature was held a constant 150
degrees Celsius. Notably, the leakage current in FIG. 16B
indicates a comparably lower 1nitial value and no substantial
increase over time while the leakage current in FIG. 16A
indicates a comparably higher initial value as well as a
substantial increase over time.

[0282] Generally, the barrier 30 provides a suitable thick-
ness of suitable materials between the energy storage cell 12
and the housing 7. The barrier 30 may include a homoge-
neous mixture, a heterogeneous mixture and/or at least one
layer of materials. The barrier 30 may provide complete
coverage (1.e., provide coverage over the interior surface
area of the housing with the exception of electrode contacts)
or partial coverage. In some embodiments, the barrier 30 1s
formed of multiple components. Consider, for example, the
embodiment presented below and illustrated 1n FIG. 8.

[0283] Referring to FIG. 17, aspects of an additional
embodiment are shown. In some embodiments, the energy
storage cell 12 1s deposited within an envelope 73. That 1s,
the energy storage cell 12 has the barner 30 disposed
thereon, wrapped thereover, or otherwise applied to separate
the energy storage cell 12 from the housing 7 once
assembled. The envelope 73 may be applied well ahead of
packaging the energy storage cell 12 into the housing 7.
Therefore, use of an envelope 73 may present certain
advantages, such as to manufacturers. (Note that the enve-
lope 73 1s shown as loosely disposed over the energy storage
cell 12 for purposes of 1llustration).

[0284] In some embodiments, the envelope 73 1s used 1n
conjunction with the coating, wherein the coating 1s dis-
posed over at least a portion of the interior surfaces. For
example, 1n one embodiment, the coating 1s disposed within
the interior of the housing 7 only 1n areas where the envelope
73 may be at least partially compromised (such as be a
protruding terminal 8). Together, the envelope 73 and the
coating form an eflicient barrier 30.

[0285] Accordingly, incorporation of the bather 30 may
provide for an ultracapacitor that exhibits leakage current
with comparatively low 1mtial values and substantially
slower 1ncreases 1n leakage current over time 1n view of the
prior art. Significantly, the leakage current of the ultraca-
pacitor remains at practical (1.e., desirably low) levels when
the ultracapacitor 1s exposed to ambient temperatures for
which prior art capacitors would exhibit prohibitively large
initial values of leakage current and/or prohibitively rapid
increases in leakage current over time.

[0286] Having thus described embodiments of the barrier
30, and various aspects thereof, it should be recognized the
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ultracapacitor 10 may exhibit other benefits as a result of
reduced reaction between the housing 7 and the energy
storage media 1. For example, an eflective series resistance
(ESR) of the ultracapacitor 10 may exhibit comparatively
lower values over time. Further, unwanted chemical reac-
tions that take place 1n a prior art capacitor oiten create
unwanted eflects such as out-gassing, or in the case of a
hermetically sealed housing, bulging of the housing. In both
cases, this leads to a compromise of the structural integrity
of the housing and/or hermetic seal of the capacitor. Ulti-
mately, this may lead to leaks or catastrophic failure of the
prior art capacitor. In some embodiments, these effects may
be substantially reduced or eliminated by the application of
a disclosed barrier 30.

[0287] It should be recognized that the terms “barrier” and
“coating” are not limiting of the teachings herein. That 1is,
any technique for applying the approprniate matenal to the
interior of the housing 7, body 20 and/or cap 24 may be used.
For example, in other embodiments, the barrier 30 1s actu-
ally fabricated into or onto material making up the housing
body 20, the material then being worked or shaped as
appropriate to form the various components of the housing
7. When considering some of the many possible techniques
tor applying the barrier 30, 1t may be equally appropnate to
roll on, sputter, sinter, laminate, print, or otherwise apply the
material(s). In short, the barrier 30 may be applied using any
technique deemed appropriate by a manufacturer, designer
and/or user.

[0288] Materials used 1n the barrier 30 may be selected
according to properties such as reactivity, dielectric value,
melting point, adhesion to matenials of the housing 7,
coeflicient of friction, cost, and other such factors. Combi-
nations of materials (such as layered, mixed, or otherwise
combined) may be used to provide for desired properties.

[0289] Using an enhanced housing 7, such as one with the
barrier 30, may, 1n some embodiments, limit degradation of
the advanced electrolyte system. While the barrier 30 pres-
ents one technique for providing an enhanced housing 7,
other techniques may be used. For example, use of a housing
7 fabricated from aluminum would be advantageous, due to
the electrochemical properties of aluminum 1n the presence
of electrolyte 6. However, given the difhiculties 1n fabrica-
tion of aluminum, 1t has not been possible (until now) to
construct embodiments of the housing 7 that take advantage
ol aluminum.

[0290] Additional embodiments of the housing 7 include
those that present aluminum to all interior surfaces, which
may be exposed to electrolyte, while providing users with an
ability to weld and hermetically seal the housing. Improved
performance of the ultracapacitor 10 may be realized
through reduced internal corrosion, elimination of problems
associated with use of dissimilar metals 1 a conductive
media and for other reasons. Advantageously, the housing 7
makes use ol existing technology, such available electrode
inserts that include glass-to-metal seals (and may include
those fabricated from stainless steel, tantalum or other
advantageous materials and components), and therefore 1s
economic to fabricate.

[0291] Although disclosed herein as embodiments of the
housing 7 that are suited for the ultracapacitor 10, these
embodiments (as 1s the case with the barrier 30) may be used
with any type of energy storage deemed appropriate, and
may 1nclude any type of technology practicable. For
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example, other forms of energy storage may be used, includ-
ing electrochemical batteries, 1n particular, lithium based
batteries.

[0292] In general, the material(s) exposed to an interior of
the housing 7 exhibit adequately low reactivity when
exposed to the electrolyte 6, 1.e., the advanced electrolyte
system of the present invention, and therefore are merely
illustrative of some of the embodiments and are not limiting
of the teachings herein.

[0293] F. Factors for General Construction of Capacitors

[0294] An important aspect for consideration 1n construc-
tion of the ultracapacitor 10 1s maintaining good chemical
hygiene. In order to assure purity of the components, in
various embodiments, the activated carbon, carbon fibers,
rayon, carbon cloth, and/or nanotubes making up the energy
storage media 1 for the two electrodes 3, are dried at
clevated temperature 1mn a vacuum environment. The sepa-
rator 5 1s also dried at elevated temperature in a vacuum
environment. Once the electrodes 3 and the separator 5 are
dried under vacuum, they are packaged in the housing 7
without a final seal or cap in an atmosphere with less than
50 parts per million (ppm) of water. The uncapped ultraca-
pacitor 10 may be dried, for example, under vacuum over a
temperature range of about 100 degrees Celsius to about 300
degrees Celsius. Once this final drying 1s complete, the
clectrolyte 6 may be added and the housing 7 1s sealed 1n a
relatively dry atmosphere (such as an atmosphere with less
than about 50 ppm of moisture). Of course, other methods of
assembly may be used, and the foregoing provides merely a
few exemplary aspects of assembly of the ultracapacitor 10.

III. Methods of the Invention

[0295] Certain methods of the invention useful for reduc-
ing impurities or fabricating devices of the present invention
are described herein below. Such methods of purification are
also additionally applicable to any advanced electrolyte
system of the present invention

[0296] A. Methods of Reduction of Impurities
[0297] 1. AES Contaminants

[0298] In certain embodiments, the advanced electrolyte
system (AES) of the present mvention 1s purified remove
contaminants and to provide desired enhanced performance
characteristics described herein. As such, the present disclo-
sure provides a method for puritying an AES, the method
comprising: mixing water into an advanced electrolyte sys-
tem to provide a first mixture; partitioning the first mixture;
collecting the advanced electrolyte system from the first
mixture; adding a solvent to the collected liquid to provide
a second mixture; mixing carbon into the second mixture to
provide a third mixture; separating the advanced electrolyte
system from the third mixture to obtain the purified
advanced electrolyte system. Generally, the process calls for
selecting an electrolyte, adding de-1onized water as well as
activated carbon under controlled conditions. The de-10n-
1zed water and activated carbon are subsequently removed,
resulting 1n an electrolyte that 1s substantially purified. The
purified electrolyte 1s suited for use 1, among other things,
an ultracapacitor.

[0299] This method may be used to ensure a high degree
of purity of the advanced electrolyte system (AES) of the
present invention. It should be noted that although the
process 1s presented in terms of specific parameters (such as
quantities, formulations, times and the like), that the pre-
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sentation 1s merely exemplary and 1llustrative of the process
for puriiying electrolyte and 1s not limiting thereof.

[0300] Forexample, the method may further comprise one
or more of the following steps or characterizations: heating
the first mixture; wherein partitioming comprises letting the
first mixture sit undisturbed until the water and the AES are
substantially partitioned; whereimn adding a solvent com-
prises adding at least one of diethylether, pentone, cyclo-
pentone, hexane, cyclohexane, benzene, toluene, 1-4 diox-
ane, and chloroform; wherein mixing carbon comprises
mixing carbon powder; wherein mixing carbon comprises
stirring the third mixture substantially constantly; wherein
separating the AES comprises at least one of filtering carbon
from the third mixture and evaporating the solvent from the
third mixture.

[0301] In a first step of the process for purifying electro-
lyte, the electrolyte 6 (1n some embodiments, the 1onic
liquid) 1s mixed with deionized water, and then raised to a
moderate temperature for some period of time. In a proof of
concept, fifty (50) malliliters (ml) of 1omic liquid was mixed
with eight hundred and fifty (850) mulliliters (ml) of the
deionized water. The mixture was raised to a constant
temperature of sixty (60) degrees Celsius for about twelve
(12) hours and subjected to constant stirring (ol about one
hundred and twenty (120) revolutions per minute (rpm)).
[0302] In a second step, the mixture of 1onic liquid and
deiomized water 1s permitted to partition. In this example, the
mixture was transferred via a funnel, and allowed to sit for
about four (4) hours.

[0303] In a third step, the 1onic liquid 1s collected. In this
example, a water phase of the mixture resided on the bottom,
with an 10nic liquid phase on the top. The 1onic liquid phase
was transierred into another beaker.

[0304] In a fourth step, a solvent was mixed with the 1onic
liquid. In this example, a volume of about twenty five (25)
milliliters (ml) of ethyl acetate was mixed with the i1onic
liquid. This mixture was again raised to a moderate tem-
perature and stirred for some time.

[0305] Although ethyl acetate was used as the solvent, the
solvent can be at least one of diethylether, pentone, cyclo-
pentone, hexane, cyclohexane, benzene, toluene, 1-4 diox-
ane, chloroform or any combination thereotf as well as other
material(s) that exhibit appropriate performance character-
istics. Some of the desired performance characteristics
include those of a non-polar solvent as well as a high degree

of volatility.

[0306] In a fifth step, carbon powder 1s added to the
mixture of the 1onic liquid and solvent. In this example,
about twenty (20) weight percent (wt %) of carbon (of about
a 0.45 micrometer diameter) was added to the mixture.

[0307] In a sixth step, the iomic liquid 1s again mixed. In
this example, the mixture with the carbon powder was then
subjected to constant stirring (120 rpm) overnight at about
seventy (70) degrees Celsius.

[0308] In a seventh step, the carbon and the ethyl acetate
are separated from the 1onic hiqud. In this example, the
carbon was separated using Buchner filtration with a glass
microfiber filter. Multiple filtrations (three) were performed.
The 10onic liquid collected was then passed through a 0.2
micrometer syringe filter 1n order to remove substantially all
of the carbon particles. In this example, the solvent was then
subsequently separated from the 1onic liquid by employing
rotary evaporation. Specifically, the sample of 1onic liquid
was stirred while increasing temperature from seventy (70)
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degrees Celsius to eighty (80) degrees Celsius, and finished
at one hundred (100) degrees Celsius. Evaporation was
performed for about fifteen (15) minutes at each of the
respective temperatures.

[0309] The process for puritying electrolyte has proven to
be very eflective. For the sample 1onic liquid, water content

was measured by titration, with a titration instrument pro-
vided by Mettler-Toledo Inc., of Columbus, Ohio (model

No: AQC22). Halide content was measured with an ISE
instrument provided by Hanna Instruments of Woonsocket,
R.I. (model no. AQC22). The standards solution for the ISE
imstrument was obtained from Hanna, and included HI
4007-03 (1,000 ppm chloride standard), HI 4010-03 (1,000
ppm fluoride standard) HI 4000-00 (ISA for halide elec-
trodes), and HI 4010-00 (TISAB solution for fluoride elec-
trode only). Prior to performing measurements, the ISE
instrument was calibrated with the standards solutions using
0.1, 10, 100 and 1,000 parts per million (ppm) of the
standards, mixed in with deionized water. ISA bufler was
added to the standard 1n a 1:50 ratio for measurement of CI™
ions. Results are shown in Table 3.

TABLE 3

Purification Data for Electrolyte Containing
1-butvl-1-methvlpvrolidinium and tetracvanoborate

Betfore After DI Water
Impurity (ppm) (ppm) (ppm)
Cl™ 5,300.90 769 0.23E-1
F- 75.61 10.61 1.10E-1
H,0 1080 20 —

[0310] A four step process was used to measure the halide
ions. First, C1I™ and F~ 1ons were measured 1n the deionized
water. Next, a 0.01 M solution of ionic liquid was prepared
with deiomized water. Subsequently, C1I™ and F~ 1ons were
measured 1n the solution. Estimation of the halide content
was then determined by subtracting the quantity of ions in
the water from the quantity of ions in the solution.

[0311] Purnfication standards were also examined with
respect to the electrolyte contaminant compositions through
the analysis of leakage current. FIG. 9 depicts leakage
current for unpurified electrolyte 1in the ultracapacitor 10.
FIG. 10 depicts leakage current for purified electrolyte 1n a
similarly structured ultracapacitor 10. As one can see, there
1s a substantial decrease 1n 1nitial leakage current, as well as
a modest decrease 1n leakage current over the later portion
ol the measurement interval. More imformation 1s provided
on the construction of each embodiment 1n Table 4.

TABLE 4

Test Ultracapacitor Configuration

Parameter FI1G. 9 FIG. 10
Cell Size: Open Sub C Open Sub C
Casing: Coated PR70 Coated PR70
Electrode Double Sided Activated Double Sided Activated
Material.: Carbon(150/40) Carbon(150/40)
Separator: Fiberglass Fiberglass
Size of 233 x 34 mm OE: [E: 233 x 34 mm OE:
Electrodes: 256 x 34 mm 256 x 34 mm
Tabs: 0.005" Aluminum 0.005" Aluminum

(3 Tabs) (3 Tabs)
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TABLE 4-continued

Test Ultracapacitor Configuration

Parameter FIG. 9 FIG. 10

Temperature 150° C. 150° C.

Electrolyte: Unpurified AES Purified AES

[0312] Other benefits are also realized, including improve-

ments 1n stability of resistance and capacitance of the
ultracapacitor 10.

[0313] Leakage current may be determined 1n a number of
ways. Qualitatively, leakage current may be considered as
current drawn 1nto a device, once the device has reached a
state of equilibrium. In practice, it 1s always or almost
always necessary to estimate the actual leakage current as a
state of equilibrium that may generally only be asymptoti-
cally approached. Thus, the leakage current in a given
measurement may be approximated by measuring the cur-
rent drawn 1nto the ultracapacitor 10, while the ultracapaci-
tor 10 1s held at a substantially fixed voltage and exposed to
a substantially fixed ambient temperature for a relatively
long period of time. In some instances, a relatively long
pertod of time may be determined by approximating the
current time function as an exponential function, then allow-
ing for several (e.g., about 3 to 5) characteristic time
constants to pass. Often, such a duration ranges from about
50 hours to about 100 hours for many ultracapacitor tech-
nologies. Alternatively, 1f such a long period of time 1s
impractical for any reason, the leakage current may simply
be extrapolated, again, perhaps, by approximating the cur-
rent time function as an exponential or any approximating,
function deemed appropriate. Notably, leakage current will
generally depend on ambient temperature. So, 1 order to
characterize performance of a device at a temperature or 1n
a temperature range, 1t 1s generally important to expose the
device to the ambient temperature of 1nterest when measur-
ing leakage current.

[0314] Note that one approach to reduce the volumetric
leakage current at a specific temperature 1s to reduce the
operating voltage at that temperature. Another approach to
reduce the volumetric leakage current at a specific tempera-
ture 1s to 1ncrease the void volume of the ultracapacitor. Yet
another approach to reduce the leakage current 1s to reduce
loading of the energy storage media 1 on the electrode 3.
[0315] Having disclosed aspects of embodiments for puri-
fication of electrolyte and 1onic liquid, 1t should be recog-
nized that a variety of embodiments may be realized. Further
a variety of techniques may be practiced. For example, steps
may be adjusted, the order of steps and the like.

[0316] 11. Water/Moisture Content and Removal

[0317] The housing 7 of a sealed ultracapacitor 10 may be
opened, and the storage cell 12 sampled for impurities.
Water content may be measured using the Karl Fischer
method for the electrodes, separator and electrolyte from the
cell 12. Three measurements may be taken and averaged.

[0318] In general, a method for characterizing a contami-
nant within the ultracapacitor includes breaching the hous-
ing 7 to access contents thereof, sampling the contents and
analyzing the sample. Techniques disclosed elsewhere
herein may be used in support of the characterizing.

[0319] Note that to ensure accurate measurement ol 1mpu-
rities 1n the ultracapacitor and components thereof, includ-
ing the electrode, the electrolyte and the separator, assembly
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and disassembly may be performed 1n an appropriate envi-
ronment, such as 1n an mert environment within a glove box.
[0320] By reducing the moisture content in the ultraca-
pacitor 10 (e.g., to less than 500 part per million (ppm) over
the weight and volume of the electrolyte and the impurities
to less than 1,000 ppm), the ultracapacitor 10 can more
clliciently operate over the temperature range, with a leak-
age current (I/L) that 1s less than 10 Amperes per Liter
within that temperature range and voltage range.

[0321] In one embodiment, leakage current (I/L) at a
specific temperature 1s measured by holding the voltage of
the ultracapacitor 10 constant at the rated voltage (i.e., the
maximum rated operating voltage) for seventy two (72)
hours. During this period, the temperature remains relatively
constant at the specified temperature. At the end of the
measurement interval, the leakage current of the ultraca-
pacitor 10 1s measured.

[0322] In some embodiments, a maximum voltage rating
of the ultracapacitor 10 1s about 4 V at room temperature. An
approach to ensure performance of the ultracapacitor 10 at
clevated temperatures (for example, over 210 degrees Cel-
s1us), 1s to derate (i.e., to reduce) the voltage rating of the
ultracapacitor 10. For example, the voltage rating may be
adjusted down to about 0.5 V, such that extended durations
ol operation at higher temperature are achievable.

[0323] B. Methods of Fabrication of Ultracapacitors

[0324] In another embodiment, the present invention pro-
vides a method for fabricating an ultracapacitor comprising
the steps of: disposing an energy storage cell comprising
energy storage media within a housing; and filling the
housing with an advanced electrolyte system (AES), such
that an ultracapacitor i1s fabricated to operate within a
temperature range between about —40 degrees Celsius to
about 210 degrees Celsius.

[0325] In one particular embodiment, the AES comprises
a novel electrolyte entity (NEE), e.g., wherein the NEE 1s
adapted for use 1n high temperature ultracapacitors. In
certain embodiments, the ultracapacitor 1s configured to
operate at a temperature within a temperature range between
about 80 degrees Celsius to about 210 degrees Celsius, e.g.,
a temperature range between about 80 degrees Celsius to

about 150 degrees Celsius.

[0326] In one particular embodiment, the AES comprises
a highly purified electrolyte, e.g., wherein the highly purified
clectrolyte 1s adapted for use 1n high temperature ultraca-
pacitors. In certain embodiments, the ultracapacitor 1s con-
figured to operate at a temperature within a temperature
range between about 80 degrees Celsius to about 210
degrees Celsius, e.g., a temperature range between about 80
degrees Celsius to about 150 degrees Celsius.

[0327] In one particular embodiment, the AES comprises
an enhanced electrolyte combination, e.g., wherein the
enhanced electrolyte combination 1s adapted for use in both
high and low temperature ultracapacitors. In certain embodi-
ments, the ultracapacitor 1s configured to operate at a tem-
perature within a temperature range between about —40
degrees Celsius to about 150 degrees Celsius, e.g., a tem-
perature range between about —30 degrees Celsius to about
125 degrees Celsius.

[0328] In one embodiment, the ultracapacitor fabricated is
an ultracapacitor described 1n Section 11, herein above. As
such, and as noted above, the advantages over the existing
clectrolytes of known energy storage devices are selected
from one or more of the following improvements: decreased
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total resistance, increased long-term stability of resistance,
increased total capacitance, increased long-term stability of
capacitance, increased energy density, increased voltage
stability, reduced vapor pressure, wider temperature range
performance for an individual capacitor, increased tempera-
ture durability for an 1individual capacitor; increased ease of
manufacturability, and improved cost eflectiveness.

[0329] In certain embodiments, the disposing further com-
prises pre-treating components of the ultracapacitor com-
prising at least one of: an electrode, a separator, a lead, an
assembled energy storage cell and the housing to reduce
moisture therein. In particular embodiments, the pre-treating,
comprises heating the selected components substantially
under vacuum over a temperature range oif about 100
degrees Celsius to about 150 degrees Celsius. The pre-
treating may comprise heating the selected components
substantially under vacuum over a temperature range of
about 150 degrees Celsius to about 300 degrees Celsius.
[0330] In certain embodiments, the disposing 1s performed
in a substantially inert environment.

[0331] In certain embodiments, the constructing com-
prises selecting an interior facing material for the housing
that exhibits low chemical reactivity with an electrolyte,
which may further comprise including the interior facing
material 1n substantial portions of the interior of the housing.
The interior facing material may be selected from at least
one of aluminum, polytetrafluoroethylene (PTFE), pertluo-
roalkoxy (PFA), fluorinated ethylene propylene (FEP), eth-
ylene tetrafluoroethylene (ETFE), and a ceramic material as
the 1nterior facing matenal.

[0332] In certain embodiments, the constructing com-
prises forming the housing from a multilayer matenal, e.g.,
wherein forming the housing from a multilayer material
comprises disposing a weldable material on an exterior of
the housing.

[0333] In certain embodiments, the constructing com-
prises fabricating at least one of a cap and a body for the
housing. The fabricating may comprise disposing a seal
comprising an insulator and an electrode msulated from the
housing 1nto the housing. Furthermore, disposing the seal
may comprise disposing a glass-to-metal seal, e.g., welding
the glass-to-metal seal to an outer surface of the housing In
particular embodiments, disposing the seal comprises dis-
posing a hemispheric seal.

[0334] In certain embodiments, the constructing com-
prises disposing a fill port in the housing to provide for the
filling.

[0335] In certain embodiments, the method of fabricating
may further comprise fabricating the energy storage cell,
¢.g., obtaining an electrode by joining energy storage media
with a current collector, e.g., joining at least one lead to an
clectrode. In certain embodiments, the joining at least one
lead to the electrode comprises placing at least one reference
mark onto the electrode. In certain embodiments, the joining,
at least one lead to the electrode comprises locating each
lead at a respective reference mark. In certain embodiments,
the joming at least one lead comprises clearing energy
storage media from the current collector. In certain embodi-
ments, the joining at least one lead comprises ultrasonic
welding the lead to the current collector.

[0336] The clectrode may also be obtained by joining a
plurality of electrode elements fabricated from joining
energy storage media with a current collector. The plurality
of electrode elements may be joined by ultrasonically weld-
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ing a joining element to the current collector of one electrode
clement and to the current collector of another electrode
clement.

[0337] In certain embodiments, fabricating the energy
storage cell comprises disposing a separator between at least
two electrodes. And may further comprise aligning each of
the electrodes with the separator.

[0338] In certain embodiments, fabricating the energy
storage cell comprises packing at least two electrodes with
a separator disposed therebetween, e.g., wherein the packing
comprises rolling the storage cell into a rolled storage cell.
[0339] In certain embodiments, fabricating the energy
storage cell comprises disposing a wrapper over the storage
cell.

[0340] In certain embodiments, disposing the energy stor-
age cell comprises grouping a plurality of leads together to
provide a terminal, e.g., wherein grouping the plurality of
leads together comprises aligning the leads together into a
set of aligned leads to form a terminal. In a particular
embodiment, the method further comprises, placing a wrap-
per about the set of aligned leads, placing a fold 1n the set
of aligned leads, or coupling the set of aligned leads to a
contact of the housing. Moreover, the coupling may com-
prise welding the set of aligned leads to the contact, or
welding the set of aligned leads to one of a jumper and a
bridge for coupling to a contact of the housing.

[0341] In certain embodiments, the method of fabricating
may further comprise electrically coupling at least one of a
jumper and a bridge to a contact of the housing. In a
particular embodiment, this may further comprise substan-
tially disposing an insulative material over the contact on the
interior of the housing.

[0342] In certain embodiments, the method of fabricating
may further comprise hermitically sealing the energy storage
cell within the housing, e.g., wherein hermitically sealing
comprises at least one of pulse welding, laser welding,
resistance welding and TIG welding components of the
housing together.

[0343] In certain embodiments, the method of fabricating
may further comprise mating at least one cap with a body to
provide the housing, e.g., wherein the cap comprises one of
a concave cap, a convex cap and a flat cap. In a particular
embodiment, the method may further comprise removing at
least a portion of a multilayer material 1n the housing to
provide for the mating.

[0344] In certain embodiments, the method of fabricating
may further comprise puritying the AES.

[0345] In certain embodiments, the method of fabricating
further comprising disposing a fill port in the housing to
provide for the filling, e.g., wherein the filling comprises
disposing the AES over a fill port in the housing. In
particular embodiments, the method further comprises seal-
ing the 11ll port upon completion of the filling, e.g., fitting a
compatible material mto the fill port. Such material may
then, 1n another step, be welded to the housing.

[0346] In certain embodiments, the step of filling com-
prises drawing a vacuum on the fill port 1n the housing, e.g.,
wherein the vacuum 1s below about 150 mTorr, e.g., wherein
the vacuum 1s below about 40 mTorr.

[0347] In certain embodiments, the step of filling 1s per-
formed in a substantially inert environment.

[0348] 1. Fabrication Techniques

[0349] Moreover, 1t should be recogmized that certain
robust assembly techniques may be required to provide
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highly eflicient energy storage. Accordingly, some of the
techniques for assembly are now discussed.

[0350] Once the ultracapacitor 10 1s fabricated, it may be
used 1n high temperature applications with little or no
leakage current and little increase 1n resistance. The ultra-
capacitor 10 described herein can operate ethiciently at
temperatures from about minus 40 degrees Celsius to about
210 degrees Celsius with leakage currents normalized over
the volume of the device less than 10 amperes per liter (A/L)
of volume of the device within the entire operating voltage
and temperature range. In certain embodiments, the capaci-
tor 1s operable across temperatures from minus 40 degrees
Celstus to 210 degrees Celsius.

[0351] As an overview, a method of assembly of a cylin-
drically shaped ultracapacitor 10 1s provided. Beginning
with the electrodes 3, each electrode 3 1s fabricated once the
energy storage media 1 has been associated with the current
collector 2. A plurality of leads are then coupled to each
clectrode 3 at appropriate locations. A plurality of electrodes
3 are then oriented and assembled with an approprate
number of separators 5 therebetween to form the storage cell
12. The storage cell 12 may then be rolled mto a cylinder,
and may be secured with a wrapper. Generally, respective
ones of the leads are then bundled to form each of the
terminals 8.

[0352] Prior to incorporation of the electrolyte 6, 1.e., the
advanced electrolyte systems of the present invention, into
the ultracapacitor 10 (such as prior to assembly of the
storage cell 12, or thereafter) each component of the ultra-
capacitor 10 may be dried to remove moisture. This may be
performed with unassembled components (1.e., an empty
housing 7, as well as each of the electrodes 3 and each of the
separators 3), and subsequently with assembled components
(such as the storage cell 12).

[0353] Drying may be performed, for example, at an
clevated temperature 1n a vacuum environment. Once drying
has been performed, the storage cell 12 may then be pack-
aged 1n the housing 7 without a final seal or cap. In some
embodiments, the packaging i1s performed 1n an atmosphere
with less than 50 parts per million (ppm) of water. The
uncapped ultracapacitor 10 may then be dried again. For
example, the ultracapacitor 10 may be dried under vacuum
over a temperature range of about 100 degrees Celsius to
about 300 degrees Celsius. Once this final drying 1s com-
plete, the housing 7 may then be sealed in, for example, an
atmosphere with less than 50 ppm of moisture.

[0354] In some embodiments, once the drying process
(which may also be referred to a “baking™ process) has been
completed, the environment surrounding the components
may be filled with an 1nert gas. Exemplary gasses include
argon, nitrogen, helium, and other gasses exhibiting similar
properties (as well as combinations thereof).

[0355] Generally, a fill port (a perforation 1n a surface of
the housing 7) 1s included in the housing 7, or may be later
added. Once the ultracapacitor 10 has been filled waith
clectrolyte 6, 1.e., the advanced electrolyte systems of the
present mvention, the fill port may then be closed. Closing
the fill port may be completed, for example, by welding
material (e.g., a metal that 1s compatible with the housing 7)
into or over the fill port. In some embodiments, the fill port
may be temporarily closed prior to filling, such that the
ultracapacitor 10 may be moved to another environment, for
subsequent re-opening, filling and closure. However, as
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discussed herein, 1t 1s considered that the ultracapacitor 10
1s dried and filled in the same environment.

[0356] A number of methods may be used to fill the
housing 7 with a desired quantity of the advanced electrolyte
system. Generally, controlling the fill process may provide
for, among other things, increases 1n capacitance, reductions
in equivalent-series-resistance (ESR), and limiting waste of
clectrolyte. A vacuum filling method 1s provided as a non-
limiting example of a technique for filling the housing 7 and
wetting the storage cell 12 with the electrolyte 6.

[0357] First, however, note that measures may be taken to
ensure that any material that has a potential to contaminate
components of the ultracapacitor 10 1s clean, compatible and
dry. As a matter ol convention, 1t may be considered that
“000d hygiene” 1s practiced to ensure assembly processes
and components do not introduce contaminants into the
ultracapacitor 10.

[0358] In the “vacuum method” a container 1s placed onto
the housing 7 around the fill port. A quantity of electrolyte
6, 1.e., the advanced electrolyte systems of the present
invention, 1s then placed into the container in an environ-
ment that 1s substantially free of oxygen and water (1.e.,
moisture). A vacuum 1s then drawn 1n the environment, thus
pulling any air out of the housing and thus simultaneously
drawing the electrolyte 6 into the housing 7. The surround-
ing environment may then be refilled with inert gas (such as
argon, nitrogen, or the like, or some combination of inert
gases ), 11 desired. The ultracapacitor 10 may be checked to
see 11 the desired amount of electrolyte 6 has been drawn 1n.
The process may be repeated as necessary until the desired
amount of electrolyte 6 1s 1n the ultracapacitor 10.

[0359] Adfter filling with electrolyte 6, 1.e., the advanced
clectrolyte systems of the present invention, in certain
embodiments, material may be {it into the fill port to seal the
ultracapacitor 10. The material may be, for example, a metal
that 1s compatible with the housing 7 and the electrolyte 6.
In one example, maternial 1s force fit into the fill port,
essentially performing a “cold weld” of a plug 1n the fill port.
In particular embodiments, the force fit may be compli-

mented with other welding techniques as discussed further
herein.

[0360] In general, assembly of the housing often involves
placing the storage cell 12 within the body 20 and filling the
body 20 with the advanced electrolyte system. Another
drying process may be performed. Exemplary drying
includes heating the body 20 with the storage cell 12 and
advanced electrolyte system therein, often under a reduced
pressure (e.g., a vacuum). Once adequate (optional) drying
has been performed, final steps of assembly may be per-
formed. In the final steps, internal electrical connections are
made, the cap 24 1s 1nstalled, and the cap 24 1s hermetically

sealed to the body 20, by, for example, welding the cap 24
to the body 20.

[0361] In some embodiments, at least one of the housing
7 and the cap 24 1s fabricated to include materials that
include a plurality of layers. For example, a first layer of
material may include aluminum, with a second layer of
material being stainless steel. In this example, the stainless
steel 15 clad onto the aluminum, thus providing for a material
that exhibits a desired combination of metallurgical proper-
ties. That 1s, in the embodiments provided herein, the
aluminum 1s exposed to an interior of the energy storage cell
(1.e., the housing), while the stainless steel 1s exposed to
exterior. In this manner, advantageous electrical properties
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of the aluminum are enjoyed, while structural properties
(and metallurgical properties, 1.e., weldability) of the stain-
less steel are relied upon for construction. The multi-layer
material may include additional layers as deemed appropri-
ate. Advantageously, this provides for welding of stainless
steel to stainless steel, a relatively simple welding proce-
dure.

[0362] While material used for construction of the body 20
includes aluminum, any type of aluminum or aluminum
alloy deemed appropriate by a designer or fabricator (all of
which are broadly referred to herein simply as “aluminum’™).
Various alloys, laminates, and the like may be disposed over
(e.g., clad to) the aluminum (the aluminum being exposed to
an interior of the body 20. Additional materials (such as
structural materials or electrically insulative materials, such
as some polymer-based materials) may be used to compli-
ment the body and/or the housing 7. The materials disposed
over the aluminum may likewise be chosen by what 1is
deemed appropriate by a designer or fabricator.

[0363] Use of aluminum 1s not necessary or required. In
short, material selection may provide for use of any material
deemed appropriate by a designer, fabricator, or user and the
like. Considerations may be given to various factors, such
as, for example, reduction of electrochemical interaction
with the electrolyte 6, structural properties, cost and the like.

[0364] Embodiments of the ultracapacitor 10 that exhibit
a relatively small volume may be fabricated in a prismatic
form factor such that the electrodes 3 of the ultracapacitor 10
oppose one another, at least one electrode 3 having an
internal contact to a glass to metal seal, the other having an
internal contact to a housing or to a glass to metal seal.

[0365] A volume of a particular ultracapacitor 10 may be
extended by combining several storage cells (e.g., welding
together several jelly rolls) within one housing 7 such that
they are electrically in parallel or in series.

[0366] In a variety of embodiments, 1t 1s useful to use a
plurality of the ultracapacitors 10 together to provide a
power supply. In order to provide for reliable operation,
individual ultracapacitors 10 may be tested 1n advance of
use. In order to perform various types of testing, each of the
ultracapacitors 10 may be tested as a singular cell, in series
or 1n parallel with multiple ultracapacitors 10 attached.
Using different metals joined by various techniques (such as
by welding) can reduce the ESR of the connection as well as
increase the strength of the connections. Some aspects of
connections between ultracapacitors 10 are now introduced.

[0367] In some embodiments, the ultracapacitor 10
includes two contacts. The two contacts are the glass-to-
metal seal pin (i.e., the feed-through 19) and the entire rest
of the housing 7. When connecting a plurality of the
ultracapacitors 10 1n series, 1t 1s often desired to couple an
interconnection between a bottom of the housing 7 (in the
case of the cylindrical form housing 7), such that distance to
the internal leads 1s minimized, and therefore of a minimal
resistance. In these embodiments, an opposing end of the
interconnection 1s usually coupled to the pin of the glass-
to-metal seal.

[0368] With regard to interconnections, a common type of
weld involves use of a parallel tip electric resistance welder.
The weld may be made by aligning an end of the intercon-
nection above the pin and welding the interconnection
directly to the pin. Using a number of welds will increase the
strength and connection between the interconnection and the
pin. Generally, when welding to the pin, configuring a shape
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of the end of the interconnection to mate well with the pin
serves to ensure there i1s substantially no excess material
overlapping the pin that would cause a short circuit.

[0369] An opposed tip electric resistance welder may be
used to weld the interconnection to the pin, while an
ultrasonic welder may used to weld the interconnection to
the bottom of the housing 7. Soldering techmques may used
when metals mvolved are compatible.

[0370] With regard to materials used in interconnections,
a common type of maternial used for the interconnection 1s
nickel. Nickel may be used as it welds well with stainless
steel and has a strong interface. Other metals and alloys may
be used 1n place of nickel, for example, to reduce resistance
in the mterconnection.

[0371] Generally, matenal selected for the interconnection
1s chosen for compatibility with materials 1n the pin as well
as materials 1 the housing 7. Exemplary materials include
copper, nickel, tantalum, aluminum, and nickel copper clad.
Further metals that may be used include silver, gold, brass,
platinum, and tin.

[0372] In some embodiments, such as where the pin (i.e.,
the feed-through 19) 1s made of tantalum, the interconnec-
tion may make use of intermediate metals, such as by
employing a short bridge connection. An exemplary bridge
connection includes a strip of tantalum, which has been
modified by use of the opposed tip resistance welder to weld
a strip of aluminum/copper/nickel to the bridge. A parallel
resistance welder 1s then used to weld the tantalum strip to
the tantalum pin.

[0373] The bridge may also be used on the contact that 1s
the housing 7. For example, a piece of nickel may be
resistance welded to the bottom of the housing 7. A strip of
copper may then be ultrasonic welded to the nickel bridge.
This technique helps to decrease resistance of cell intercon-
nections. Using different metals for each connection can
reduce the ESR of the interconnections between cells in
series.

[0374] Having thus described aspects of a robust ultraca-
pacitor 10 that 1s usetul for high temperature environments
(1.e., up to about 210 degrees Celsius), some additional
aspects are now provided and/or defined.

[0375] A variety of materials may be used 1n construction
of the ultracapacitor 10. Integrity of the ultracapacitor 10 1s
essential 1f oxygen and moisture are to be excluded and the
clectrolyte 6 1s to be prevented from escaping. To accom-
plish this, seam welds and any other sealing points should
meet standards for hermiticity over the intended temperature
range for operation. Also, matenals selected should be
compatible with other materials, such as 1onic liquids and
solvents that may be used in the formulation of the advanced
clectrolyte system.

[0376] In some embodiments, the feed-through 19 1s
formed of metal such as at least one of KOVAR™ (a
trademark of Carpenter Technology Corporation of Reading,
Pa., where KOVAR 1s a vacuum melted, 1iron-nickel-coballt,
low expansion alloy whose chemical composition 1s con-
trolled within narrow limits to assure precise umform ther-
mal expansion properties), Alloy 52 (a nickel 1ron alloy
suitable for glass and ceramic sealing to metal), tantalum,
molybdenum, niobium, tungsten, Stainless Steel 446 (a
ferritic, non-heat treatable stainless steel that offers good
resistance to high temperature corrosion and oxidation) and
titanium.
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[0377] The body of glass-to-metal seals that take advan-
tage of the foregoing may be fabricated from 300 series
stainless steels, such as 304, 304L, 316, and 316L alloys.
The bodies may also be made from metal such as at least one
of various nickel alloys, such as Inconel (a family of
austenitic nickel-chromium-based superalloys that are oxi-
dation and corrosion resistant materials well suited for
service 1n extreme environments subjected to pressure and
heat) and Hastelloy (a highly corrosion resistant metal alloy
that includes nickel and varying percentages of molybde-
num, chromium, cobalt, 1ron, copper, manganese, titanium,
zZirconium, aluminum, carbon, and tungsten).

[0378] The insulating material between the feed-through
19 and the surrounding body 1n the glass-to-metal seal 1s
typically a glass, the composition of which 1s proprietary to
cach manufacturer of seals and depends on whether the seal
1s under compression or 1s matched. Other 1mnsulative mate-
rials may be used in the glass-to-metal seal. For example,
various polymers may be used 1n the seal. As such, the term
“olass-to-metal” seal 1s merely descriptive of a type of seal,
and 1s not meant to 1imply that the seal must include glass.
[0379] The housing 7 for the ultracapacitor 10 may be
made from, for example, types 304, 304L, 316, and 316L
stainless steels. They may also be constructed from, but not
limited to, some of the aluminum alloys, such as 1100, 3003,
5052, 4043 and 6061. Various multi-layer materials may be
used, and may 1include, for example, aluminum clad to
stainless steel. Other non-limiting compatible metals that
may be used include platinum, gold, rhodium, ruthentum
and silver.

[0380] Specific examples of glass-to-metal seals that have
been used in the ultracapacitor 10 include two diflerent types
of glass-to-metal seals. A first one 1s from SCHOTT with a
US location in Elmsford, N.Y. This embodiment uses a
stainless steel pin, glass msulator, and a stainless steel body.

A second glass-to-metal seal 1s from HERMETIC SEAL
TECHNOLOGY of Cincinnatti, Ohio. This second embodi-
ment uses a tantalum pin, glass insulator and a stainless steel
body. Varying sizes of the various embodiments may be
provided.

[0381] An additional embodiment of the glass-to-metal
seal includes an embodiment that uses an aluminum seal and
an aluminum body. Yet another embodiment of the glass-
to-metal seal includes an aluminum seal using epoxy or
other 1msulating materials (such as ceramics or silicon).

[0382] A number of aspects of the glass-to-metal seal may
be configured as desired. For example, dimensions of hous-
ing and pin, and the material of the pin and housing may be
modified as appropriate. The pin can also be a tube or solid
pin, as well as have multiple pins 1n one cover. While the
most common types of material used for the pin are stainless
steel alloys, copper cored stainless steel, molybdenum,
platinum-iridium, various nickel-iron alloys, tantalum and
other metals, some non-traditional materials may be used
(such as aluminum). The housing 1s usually formed of
stainless steel, titanium and/or various other materials.

[0383] A vanety of fastening techniques may be used 1n
assembly of the ultracapacitor 10. For example, and with
regards to welding, a variety of welding techniques may be
used. The following i1s an illustrative listing of types of
welding and various purposes for which each type of weld-
ing may be used.

[0384] Ultrasonic welding may be used for, among other
things: welding aluminum tabs to the current collector;
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welding tabs to the bottom clad cover; welding a jumper tab
to the clad bridge connected to the glass-to-metal seal pin;
and welding jelly roll tabs together. Pulse or resistance
welding may be used for, among other things: welding leads
onto the bottom of the can or to the pin; welding leads to the
current collector; welding a jumper to a clad bridge; welding
a clad bridge to the terminal 8; welding leads to a bottom
cover. Laser welding may be used for, among other things:
welding a stainless steel cover to a stainless steel can;
welding a stainless steel bridge to a stainless steel glass-to-
metal seal pin; and welding a plug into the fill port. TIG
welding may be used for, among other things: sealing
aluminum covers to an aluminum can; and welding alumi-
num seal mto place. Cold welding (compressing metals
together with high force) may be used for, among other
things: sealing the fillport by force fitting an aluminum
ball/tack into the fill port.

[0385] 11. Certain Advantageous Embodiments of the Fab-
rication
[0386] Certain advantageous embodiments, which are not

intended to be limiting are provided herein below.

[0387] In one particular embodiment, and referring to FIG.
29, components of an exemplary electrode 3 are shown. In
this example, the electrode 3 will be used as the negative
clectrode 3 (however, this designation 1s arbitrary and
merely for referencing).

[0388] As may be noted from the illustration, at least 1n
this embodiment, the separator S 1s generally of a longer
length and wider width than the energy storage media 1 (and
the current collector 2). By using a larger separator 5,
protection 1s provided against short circuiting of the negative
clectrode 3 with the positive electrode 3. Use of additional
material 1n the separator 5 also provides for better electrical
protection of the leads and the terminal 8.

[0389] Refer now to FIG. 30 which provides a side view
of an embodiment of the storage cell 12. In this example, a
layered stack of energy storage media 1 includes a first
separator 3 and a second separator 5, such that the electrodes
3 are electrically separated when the storage cell 12 1s
assembled 1nto a rolled storage cell 23. Note that the term
“positive” and “negative” with regard to the electrode 3 and
assembly of the ultracapacitor 10 1s merely arbitrary, and
makes reference to functionality when configured in the
ultracapacitor 10 and charge 1s stored therein. This conven-
tion, which has been commonly adopted in the art, 1s not
meant to apply that charge i1s stored prior to assembly, or
connote any other aspect other than to provide for physical
identification of different electrodes.

[0390] Prior to winding the storage cell 12, the negative
clectrode 3 and the positive electrode 3 are aligned with
respect to each other. Alignment of the electrodes 3 gives
better performance of the ultracapacitor 10 as a path length
for 1onic transport 1s generally minimized when there 1s a
highest degree of alignment. Further, by providing a high
degree of alignment, excess separator 3 1s not included and
elliciency of the ultracapacitor 10 does not suller as a result.

[0391] Referring now also to FIG. 31, there 1s shown an
embodiment of the storage cell 12 wherein the electrodes 3
have been rolled into the rolled storage cell 23. One of the
separators 3 1s present as an outermost layer of the storage
cell 12 and separates energy storage media 1 from an interior
of the housing 7.

[0392] “‘Polarity matching” may be employed to match a
polarity of the outermost electrode 1n the rolled storage cell
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23 with a polarity of the body 20. For example, 1n some
embodiments, the negative electrode 3 i1s on the outermost
side of the tightly packed package that provides the rolled
storage cell 23. In these embodiments, another degree of
assurance against short circuiting 1s provided. That 1s, where
the negative electrode 3 1s coupled to the body 20, the
negative electrode 3 1s the placed as the outermost electrode
in the rolled storage cell 23. Accordingly, should the sepa-
rator 5 fail, such as by mechanical wear induced by vibration
of the ultracapacitor 10 during usage, the ultracapacitor 10
will not fail as a result of a short circuit between the

outermost electrode 1n the rolled storage cell 23 and the body
20.

[0393] For each embodiment of the rolled storage cell 23,
a reference mark 72 may be in at least the separator 5. The
reference mark 72 will be used to provide for locating the
leads on each of the electrodes 3. In some embodiments,
locating of the leads 1s provided for by calculation. For
example, by taking into account an mner diameter of the
jelly roll and an overall thickness for the combined separa-
tors 5 and electrodes 3, a location for placement of each of
the leads may be estimated. However, practice has shown
that 1t 1s more eflicient and eflective to use a reference mark
72. The reference mark 72 may include, for example, a slit
in an edge of the separator(s) 5.

[0394] Generally, the reference mark 72 1s employed for
cach new specification of the storage cell 12. That 1s, as a
new specification of the storage cell 12 may call for differing
thickness of at least one layer therein (over a prior embodi-
ment), use of prior reference marks may be at least some-
what 1naccurate.

[0395] In general, the reference mark 72 1s manifested as
a single radial line that traverses the roll from a center
thereol to a periphery thereof. Accordingly, when the leads
are 1nstalled along the reference mark 72, each lead will
align with the remaining leads (as shown in FIG. 10).
However, when the storage cell 12 1s unrolled (for embodi-
ments where the storage cell 12 1s or will become a roll), the
reference mark 72 may be considered to be a plurality of
markings (as shown 1n FIG. 32). As a matter of convention,
regardless of the embodiment or appearance of marking of
the storage cell 12, 1dentification of a location for incorpo-
ration of the lead 1s considered to involve determination of
a “reference mark 727 or a “set of reference marks 72.”

[0396] Retferring now to FIG. 32, once the reference mark
72 has been established (such as by marking a rolled up
storage cell 12), an 1nstallation site for installation each of
the leads 1s provided (1.e., described by the reference mark
72). Once each installation site has been identified, for any
given build specification of the storage cell 12, the relative
location of each installation site may be repeated for addi-
tional instances of the particular build of storage cell 12.

[0397] Generally, each lead 1s coupled to a respective
current collector 2 1n the storage cell 12. In some embodi-
ments, both the current collector 2 and the lead are fabri-
cated from aluminum. Generally, the lead 1s coupled to the
current collector 2 across the width, W, however, the lead
may be coupled for only a portion of the width, W. The
coupling may be accomplished by, for example, ultrasonic
welding of the lead to the current collector 2. In order to
accomplish the coupling, at least some of the energy storage
media 1 may be removed (as appropriate) such that each lead
may be appropriately joined with the current collector 2.
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Other preparations and accommodations may be made, as
deemed appropnate, to provide for the coupling.

[0398] In certain embodiments, opposing reference marks
73 may be included. That 1s, 1n the same manner as the
reference marks 72 are provided, a set of opposing reference
marks 73 may be made to account for installation of leads
for the opposing polarity. That 1s, the reference marks 72
may be used for istalling leads to a first electrode 3, such
as the negative electrode 3, while the opposing reference
marks 73 may be used for installing leads to the positive
clectrode 3. In the embodiment where the rolled storage cell
23 1s cylindrical, the opposing reference marks 73 are
disposed on an opposite side of the energy storage media 1,
and oflset lengthwise from the reference marks 72 (as
depicted).

[0399] Note that in FIG. 32, the reference marks 72 and
the opposing reference marks 73 are both shown as being
disposed on a single electrode 3. That 1s, FIG. 29 depicts an
embodiment that 1s merely for illustration of spatial (i.e.,
linear) relation of the reference marks 72 and the opposing
reference marks 73. This 1s not meant to imply that the
positive electrode 3 and the negative electrode 3 share
energy storage media 1. However, 1t should be noted that 1n
instances where the reference marks 72 and the opposing
reference marks 73 are placed by rolling up the storage cell
12 and then marking the separator S, that the reference
marks 72 and the opposing reference marks 73 may indeed
by provided on a single separator 5. However, 1n practice,
only one set of the reference marks 72 and the opposing
reference marks 73 would be used to install the leads for any
given electrode 3. That 1s, 1t should be recognized that the
embodiment depicted 1n FIG. 32 1s to be complimented with
another layer of energy storage media 1 for another electrode
3 which will be of an opposing polanty.

[0400] As shown in FIG. 33, the foregoing assembly
technique results 1n a storage cell 12 that includes at least
one set of aligned leads. A first set of aligned leads 91 are
particularly useful when coupling the rolled storage cell 23
to one of the negative contact 55 and the positive contact 56,
while a set of opposing aligned leads 92 provide for coupling
the energy storage media 1 to an opposite contact (55, 56).

[0401] The rolled storage cell 23 may be surrounded by a
wrapper 93. The wrapper 93 may be realized 1n a variety of
embodiments. For example, the wrapper 93 may be provided
as KAPTON™ tape (which 1s a polyimide film developed by
DuPont of Wilmington Del.), or PTFE tape. In this example,
the KAPTON™ tape surrounds and 1s adhered to the rolled
storage cell 23. The wrapper 93 may be provided without
adhesive, such as a tightly fitting wrapper 93 that 1s slid onto
the rolled storage cell 23. The wrapper 93 may be manifested
more as a bag, such as one that generally engulis the rolled
storage cell 23 (e.g., such as the envelope 73 discussed
above). In some of these embodiments, the wrapper 93 may
include a maternial that functions as a shrink-wrap would, and
thereby provides an eflicient physical (and 1n some embodi-
ments, chemical) enclosure of the rolled storage cell 23.
Generally, the wrapper 93 1s formed of a material that does
not interfere with electrochemical functions of the ultraca-
pacitor 10. The wrapper 93 may also provide partial cover-
age as needed, for example, to aid insertion of the rolled
storage cell 23.

[0402] In some embodiments, the negative leads and the
positive leads are located on opposite sides of the rolled
storage cell 23 (in the case of a jelly-roll type rolled storage




US 2017/0316889 Al Nov. 2, 2017
23
cell 23, the leads for the negative polarity and the leads for TABI E 5-continued
the positive polarity may be diametrically opposed). Gen-
erally, placing the leads for the negative polarity and the Weights of Complete Cell With Electrolyte
leads for the positive polarity on opposite sides of the rolled |
storage cell 23 is performed to facilitate construction of the Weight Percent
. . Component (grams) of total
rolled storage cell 23 as well as to provide improved
clectrical separation. Outer Electrode Aluminum 1.810 2.61%
[0403] In some embodiments, once the aligned leads 91, Outer Electrode Carbon 2.224 3.21%
92 are assembled, each of the plurality of aligned leads 91, Separator 1.487 21> 7%
92 are bundled together (in place) such that a shrink-wrap Alum. Jelly roll Tabs (all 8) 0407 0,597
. . . Ta/Al clad bridge 0.216 0.31%
(not shown) may be disposed around the plurality of aligned .
. : Alum. Jumper (bridge-JR tabs) 0.055 0.08%
leads 91, 92. Generally, the shrink-wrap 1s formed of PTFE, T . 0
. . eflon heat shrink 0.201 0.29%
however, any compatible material may be used. AFRS 16700 24 19%
[0404] In some embodiments, once shrink-wrap material
has been placeq about the aligned leads 91, the aligned leads Total Weight 69736 100.00%
91 are folded into a shape to be assumed when the ultraca-
pacitor 10 has been assembled. That 1s, with reference to
FIG. 34, it may be seen that the aligned leads assume a “Z”
shape. After imparting a “Z-fold” into the aligned leads 91, TABLE 6
92 and applying the shrink-wrap, the shrink-wrap may be . !
heated or otherwise activated such that the shrink-wrap Weights of Complete Cell Without Electrolyte
shrinks 1nto place about the aligned leads 91, 92. Accord- Wos
. ‘ : . eight Percent
ingly, in some embodiments, the aligned leads 91, 92 may be Component (grams) o F total
strengthened and protected by a wrapper. Use of the Z-fold
1s particularly useful when coupling the energy storage 5S> Can 14.451 27-512’6
media 1 to the feed-through 19 disposed within the cap 24. >5 lop cover 208 0-087%
0405] Additionally, other embodiments for coupling each Lantalum glass-mefal Seal 122 =827
[ : ¥ : OUPLNE, SS/Al Clad Bottom 10.150 19.32%
set of aligned leads 91, 92 (i.e., each terminal 8) to a Tack 0.200 0.38%
respective contact 55, 56 may be practiced. For example, in Inner Electrode (cleared, no 3.727 7.09%
one embodiment, an intermediate lead 1s coupled to the one tabs) .:.
of the feed-through 19 and the housing 7, such that coupling Outer Electrode (cleared, no 4.034 7.68%
with a respective set of aligned leads 91, 92 1s facilitated tabs)
P Sk : - Separator 1.487 2.83%
[0406] Furthermore, materials used may be selected Alum. Jelly roll Tabs (all 8) 0.407 0.77%
according to properties such as reactivity, dielectric value, Ta/Al clad bridge 0.216 0.41%
melting point, adhesion to other materials, weldabaility, coet- Alum. Jumper (bridge-JR tabs) 0.055 0.10%
ficient of friction, cost, and other such factors. Combinations Tetfion heat shrink 0.201 0.3870
of matenals (such as layered, mixed, or otherwise com- Total Weight 59 536 100.00%

bined) may be used to provide for desired properties.
[0407] 11. Particular Ultracapacitor Embodiments

[0408] Physical aspects of an exemplary ultracapacitor 10
of the present invention are shown below. Note that in the
following tables, the terminology “tab” generally refers to

TABLE 7

Weights of Cell Components in Full Cell with Electrolyte

the “lead” as discussed above; the terms “bridge” and

“jumper” also making reference to aspects of the lead (for Weight Percent
example, the bridge may be coupled to the feed-through, or Component (grams) of total
pin,” while the jumper 1s usetul f01: connecting t}le bridge Can, covers, seal, bridge. 4> 281 61 0304
to the tabs, or leads). Use of various connections may jumper, heat shrink, tack
tacilitate the assembly process, and take advantage of certain Jelly Roll with Electrodes, 9.655 13.95%
assembly techniques. For example, the bridge may be laser tabs, separator
- - - Electrolyte 16.700 24.12%
welded or resistance welded to the pin, and coupled with an
ultrasonic weld to the jumper. Total Weight 60 936 100.00%
TABLE 5
Weights of Complete Cell With Electrolyte TABLE 8
Weight Percent Weights of Electrode
Component (grams) of total
Weight Percent of
Se Can (bﬂd}" of the hDUSng) 14.451 20.87% Cgmpgngnt (grams) total
SS Top cover (cap) 5.085 7.34%
Tantalum glass-metal Seal 12.523 18.09% Inner electrode carbon 2.014 25.95%
SS/Al Clad Bottom 10.150 14.66% Inner electrode aluminum 1.713 22.07%
Tack (seal for fill hole) 0.200 0.29% Outer electrode carbon 2.224 28.66%
Inner Electrode (cleared, no tabs) 3.727 5.38% Outer electrode aluminum 1.810 23.32%
Inner Electrode Aluminum 1.713 2.47%
Inner Electrode Carbon 2.014 2.91% Total Weight 7.761 100.00%
Outer Electrode (cleared, no tabs) 4.034 5.83%
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[0409] FIGS. 35-38 are graphs depicting performance of
these exemplary ultracapacitors 10. FIGS. 35 and 36 depict
performance of the ultracapacitor 10 at 1.75 volts and 125
degrees Celsius. FIGS. 37 and 38 depict performance of the
ultracapacitor 10 at 1.5 volts and 150 degrees Celsius.
[0410] Generally, the ultracapacitor 10 may be used under
a variety of environmental conditions and demands. For
example, terminal voltage may range from about 100 mV to
10 V. Ambient temperatures may range from about minus 40
degrees Celsius to plus 210 degrees Celsius. Typical high
temperature ambient temperatures range from plus 60
degrees Celsius to plus 210 degrees Celsius.

29

TABLE
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[0411] FIGS. 39-43 are additional graphs depicting per-
formance of exemplary ultracapacitors 10. In these
examples, the ultracapacitor 10 was a closed cell (i.e.,

housing). The ultracapacitor was cycled 10 times, with a
charge and discharge of 100 mA, charged to 0.5 Volts,

resistance measurement, discharged to 10 mV, 10 second
rest then cycled again.

[0412] Tables 11 and 12 provide comparative performance
data for these embodiments of the ultracapacitor 10. The
performance data was collected for a variety of operating
conditions as shown.

9

Comparative Performance Data

Temperature Voltage Time ESR Initial

% ESR  Capacitance Initial

% Capacitance Ending Current

Cell # (° C.) (V) (Hrs) (mOhm)  Increase (F) Decrease Cell Weight (g) (MmA)
D2011-09 150 1.25 1500 30 0 93 5 — 0.5
C1041-02 150 1.5 1150 45 60 32 — 28.35 0.5
C2021-01 150 1.5 1465 33 100 32 70 26.61 0.8
D5311-01 150 1.6 150 9 10 87 4 — 5
C6221-05 150 1.75 340 15 50 — — 38.31 1
C6221-05 150 1.75 500 15 100 — — 38.31 2
C6221-05 150 1.75 600 15 200 — — 38.31 2
C6221-05 150 1.75 650 15 300 — — 38.31 2
D1043-02 150 1.75 615 43 50 100 — — 3
D1043-02 150 1.75 700 43 100 100 — — 3
C5071-01 150 1.75 600 26 100 27 32 — 2
C5071-01 150 1.75 690 26 200 27 35 — 2
C5071-01 150 1.75 725 26 300 27 50 — 2
C8091-06 125 1.75 500 38 5 63 11 37.9 0.5
C9021-02 125 1.75 1250 37 10 61 — 39.19 0.3
D5011-02 125 1.9 150 13 0 105 0 — 1.4
C8091-06 125 2 745 41 22 56 37.9 1.2
D2011-08 175 650 33 12 89 30 — 4
D1043-10 175 1.3 480 30 100 93 50 — 6.5
C2021-04 175 1.4 150 35 100 27 — 27.17 3.5
C4041-04 210 0.5 10 28 0 32 — 28.68 1
C4041-04 210 0.5 20 28 0 32 — 28.68 7
C4041-04 210 0.5 50 28 100 32 — 28.68 18
TABLE 10
Comparative Performance Data
Volumetric
ESR Initial Leakage Volumetric  Volumetric Leakage
T  Voltage Time Initial Capacitance Current ESR Capacitance Current % ESR % Capacitance Volume
Cell # (°C.) (V) (Hrs) (mOhm) (F) (mA) (Ohms x cc) (F/ce) (mA/cc)  Increase Decrease (cc)
D2011-09 150 1.25 1500 30 93 0.5 0.75 3.72 0.02 0 5 25
C2021-01 150 1.5 1465 33 32 0.75 0.396 2.67 0.06 100 5 12
C5071-01 150 1.75 600 26 27 2 0.338 2.08 0.15 100 32 13
C5071-01 150 1.75 690 26 27 2 0.338 2.08 0.15 200 35 13
C5071-01 150 1.75 725 26 27 2 0.338 2.08 0.15 300 50 13
C8091-06 125 1.75 500 38 63 0.5 0.494 4.85 0.04 5 11 13
C9021-02 125 1.75 1250 37 61 0.25 0.481 4.69 0.02 10 11 13
D2011-08 175 1 650 33 89 4 0.825 3.56 0.16 12 30 25
D1043-10 175 1.3 480 30 93 6.5 0.75 3.72 0.26 100 50 25
C4041-04 210 0.5 50 28 32 18 0.336 2.67 1.50 100 50 12
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[0413] Thus, data provided in Tables 9 and 10 demounstrate
that the teachings herein enable performance of ultracapaci-
tors 1n extreme conditions. Ultracapacitors fabricated
accordingly may, for example, exhibit leakage currents of
less than about 1 mA per milliliter of cell volume, and an
ESR increase of less than about 100 percent 1n 500 hours
(while held at voltages of less than about 2 V and tempera-
tures less than about 150 degrees Celsius). As trade-oils may
be made among various demands of the ultracapacitor (for
example, voltage and temperature) performance ratings for
the ultracapacitor may be managed (for example, a rate of
increase for ESR, capacitance, etc) may be adjusted to
accommodate a particular need. Note that 1in reference to the
foregoing, “performance ratings” 1s given a generally con-
ventional definition, which 1s with regard to values for
parameters describing conditions of operation.

[0414] FIGS. 35 through 43 depict performance of an
exemplary ultracapacitor having AES comprising 1-butyl-
1 -methylpyrrolidinium and tetracyanoborate for tempera-

tures 1n the range from 125 degrees Celsius to 210 degrees
Celsius.

[0415] FIGS. 44A and 44B depict performance data of an

exemplary ultracapacitor having AES comprising 1-butyl-
1 -methylpiperdinium bis(trifluoromethylsulfonyljimide.

[0416] FIGS. 45A and 45B depict performance data of an
exemplary ultracapacitor having AES comprising trihex-
yltetradecylphosphonium bis(trifluoromethylsulfonyl)
imide.

[0417] FIGS. 46A and 468 depict performance data of an

exemplary ultracapacitor having AES comprising butyltrim-
cthylammonium bis(trifluoromethylsultonyl)imide.

[0418] FIGS. 47A and 47B depict performance data of an
exemplary ultracapacitor having AES comprising 1-butyl-
1 -methylpyrrolidinium and tetracyanoborate at 125 degrees
Celsi1us.

[0419] FIGS. 48A and 48B and 49 depict performance
data of an exemplary ultracapacitor having AES comprising
a mixture of propylene carbonate and 1-butyl-1-methylpyr-
rolidinium and tetracyanoborate, the mixture being about
3’7.5% propylene carbonate by volume; the capacitor oper-
ating at 125 degrees Celsius (FIGS. 48 A and 48B) and at —40
degrees Celsius (FIG. 49). Another exemplary ultracapacitor
tested included an AES comprising 1-butyl-3-methylimida-
zolium tetrafluoroborate.

[0420] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-3-methylimidazolium bis(trii-
luoromethylsulfonyl imide.

[0421] Another exemplary ultracapacitor tested included

an AES comprising 1-ethyl-3-methylimidazolium tetratluo-
roborate.

[0422] Another exemplary ultracapacitor tested included
an AES comprising 1-ethyl-3-methylimidazolium tetracya-
noborate.

[0423] Another exemplary ultracapacitor tested included
an AES comprising 1-hexyl-3-methylimidazolium tetracya-
noborate.

[0424] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-1-methylpyrrolidinium bis(trii-
luoromethylsulfonyl Jimide

[0425] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-1-methylpyrrolidimmum tris(pen-
tatluoroethyl)tritluorophosphate.
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[0426] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-1-methylpyrrolidimum tetracya-
noborate.

[0427] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-3-methylimidazolium trifluo-
romethanesulionate.

[0428] Another exemplary ultracapacitor tested included

an AES comprising 1-ethyl-3-methylimidazolium tetracya-
noborate.

[0429] Another exemplary ultracapacitor tested included
an AES comprising 1-ethyl-3-methylimidazolium and 1-bu-
tyl-1-methylpyrrolidinium and tetracyanoborate.

[0430] Another exemplary ultracapacitor tested included
an AES comprising 1-butyl-1-methylpyrrolidinium and tet-
racyanoborate and ethyl 1sopropyl sulfone.

[0431] Note that measures of capacitance as well as ESR,
as presented in Table 9 and elsewhere herein, followed

generally known methods. Consider first, techniques for
measuring capacitance.

[0432] Capacitance may be measured in a number of
ways. One method involves monitoring the voltage pre-
sented at the capacitor terminals while a known current 1s
drawn from (during a “discharge™) or supplied to (during a
“charge”) of the ultracapacitor. More specifically, we may
use the fact that an ideal capacitor 1s governed by the
equation:

[=C*dV/dL,

where 1 represents charging current, C represents capaci-
tance and dV/dt represents the time-derivative of the 1deal
capacitor voltage, V. An 1deal capacitor 1s one whose internal
resistance 1s zero and whose capacitance 1s voltage-inde-
pendent, among other things. When the charging current, 1,
1s constant, the voltage V 1s linear with time, so dV/dt may
be computed as the slope of that line, or as DeltaV/DeltaT.
However, this method 1s generally an approximation and the
voltage difference provided by the effective series resistance
(the ESR drop) of the capacitor should be considered 1n the
computation or measurement of a capacitance. The effective
series resistance (ESR) may generally be a lumped element
approximation of dissipative or other eflects within a capaci-
tor. Capacitor behavior 1s often derived from a circuit model
comprising an 1deal capacitor in series with a resistor having
a resistance value equal to the ESR. Generally, this yields
good approximations to actual capacitor behavior.

[0433] In one method of measuring capacitance, one may
largely neglect the eflect of the ESR drop in the case that the
internal resistance 1s substantially voltage-independent, and
the charging or discharging current 1s substantially fixed. In
that case, the ESR drop may be approximated as a constant
and 1s naturally subtracted out of the computation of the
change in voltage during said constant-current charge or
discharge. Then, the change in voltage i1s substantially a
reflection of the change in stored charge on the capacitor.
Thus, that change 1n voltage may be taken as an indicator,
through computation, of the capacitance.

[0434] For example, during a constant-current discharge,
the constant current, I, 1s known. Measuring the voltage
change during the discharge, DeltaV, during a measured time
interval Delta’l, and dividing the current value I by the ratio
DeltaV/Deltal, yields an approximation of the capacitance.
When I 1s measured 1n amperes, Delta V 1n volts, and DeltaT
in seconds, the capacitance result will be 1n units of Farads.
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[0435] Turning to estimation of ESR, the eflective series
resistance (ESR) of the ultracapacitor may also be measured
in a number of ways. One method involves monitoring the
voltage presented at the capacitor terminals while a known
current 1s drawn from (during a “discharge™) or supplied to
(during a “charge’) the ultracapacitor. More specifically, one
may use the fact that ESR 1s governed by the equation:

V=I*R,

where 1 represents the current eflectively passing through
the ESR, R represents the resistance value of the ESR, and
V represents the voltage difference provided by the ESR (the
ESR drop). ESR may generally be a lumped element
approximation of dissipative or other eflects within the
ultracapacitor. Behavior of the ultracapacitor 1s oiften
derived from a circuit model comprising an 1deal capacitor
in series with a resistor having a resistance value equal to the
ESR. Generally, this yields good approximations of actual
capacitor behavior.

[0436] In one method of measuring ESR, one may begin
drawing a discharge current from a capacitor that had been
at rest (one that had not been charging or discharging with
a substantial current). During a time interval in which the
change 1n voltage presented by the capacitor due to the
change 1n stored charge on the capacitor 1s small compared
to the measured change in voltage, that measured change in
voltage 1s substantially a reflection of the ESR of the
capacitor. Under these conditions, the immediate voltage
change presented by the capacitor may be taken as an
indicator, through computation, of the ESR.

[0437] For example, upon initiating a discharge current
draw from a capacitor, one may be presented with an
immediate voltage change DeltaV over a measurement
interval DeltaT. So long as the capacitance of the capacitor,
C, discharged by the known current, I, during the measure-
ment interval, Deltal, would yield a voltage change that 1s
small compared to the measured voltage change, DeltaV,
one may divide DeltaV during the time interval Deltal by
the discharge current, I, to vield an approximation to the
ESR. When I 1s measured 1n amperes and DeltaV 1n volts,

the ESR result will have units of Ohms.

[0438] Both ESR and capacitance may depend on ambient
temperature. Therefore, a relevant measurement may require
the user to subject the ultracapacitor 10 to a specific ambient
temperature of interest during the measurement.

[0439] Performance requirements for leakage current are
generally defined by the environmental conditions prevalent
in a particular application. For example, with regard to a
capacitor having a volume of 20 mL, a practical limit on
leakage current may fall below 100 mA.

[0440] Nominal values of normalized parameters may be
obtained by multiplying or dividing the normalized param-
cters (e.g. volumetric leakage current) by a normalizing
characteristic (e.g. volume). For mstance, the nominal leak-
age current of an ultracapacitor having a volumetric leakage
current of 10 mA/cc and a volume of 50 cc 1s the product of
the volumetric leakage current and the volume, 500 mA.
Meanwhile the nominal ESR of an ultracapacitor having a
volumetric ESR of 20 mOhm-cc and a volume of 50 cc 1s the
quotient of the volumetric ESR and the volume, 0.4 mOhm.

[0441] 1v. Examination of Fill Effects on Ultracapacitors
Comprising an AES

[0442] Moreover, 1 order to show how the fill process
ellects the ultracapacitor 10, two similar embodiments of the
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ultracapacitor 10 were built. One was filled without a
vacuum, the other was filled under vacuum. Electrical
performance of the two embodiments 1s provided in Table
11. By repeated performance of such measurements, 1t has
been noted that increased performance 1s realized with by
filling the ultracapacitor 10 through applying a vacuum. It
has been determined that, 1n general, 1s desired that pressure
within the housing 7 1s reduced to below about 150 mTorr,
and more particularly to below about 40 mTorr.

TABLE 11

Comparative Performance for Fill Methods

Parameter Without With

(at 0.1 V) vacuum vacuum Deviation
ESR @ 45° @ 3.569 Ohms  2.568 Ohms (—28%)
Capacitance (@ 12 mHz 155.87 mF 182.3 mF (+14.49%)
Phase (@ 12 mHz 79.19 degrees 83 degrees (+4.59%)

[0443] In order to evaluate eflicacy of vacuum filling
techniques, two different pouch cells were tested. The pouch
cells included two electrodes 3, each electrode 3 being based
on carbonaceous material. Each of the electrodes 3 were
placed opposite and facing each other. The separator S was
disposed between them to prevent short circuit and every-
thing was soaked 1n electrolyte 6. Two external tabs were
used to provide for four measurement points. The separator
5 used was a polyethylene separator 5, and the cell had a
total volume of about 0.468 ml.

[0444] C. Methods of Use of the Ultracapacitors

[0445] The present invention 1s also intended to include
any and all uses of the energy storage devices, e.g., ultra-
capacitors, described herein. This would include the direct
use of the ultracapacitor, or the use of the ultracapacitor in
another other device for any application. Such use 1s
intended to 1include the manufacture, the offering for sale, or
providing of said ultracapacitors to a user.

[0446] For example, in one embodiment, the invention
provides a method of using a high temperature rechargeable
energy storage device (HTRESD) e.g., an ultracapacitor,
comprising the steps of obtaining an HTRESD comprising
an advanced electrolyte system (AES); and cycling the
HTRESD by alternatively charging and discharging the
HTRESD at least twice, while maintaining a voltage across
the HTRESD, such that the HTRESD exhibits an 1nitial peak
power density between 0.01 W/liter and 1350 kW/liter, such
that the HTRESD 1s operated at an ambient temperature that
1s 1n a temperature range ol between about —-40 degrees
Celsius to about 210 degrees Celsius. In certain embodi-
ments the temperature range 1s between about —40 degrees
Celsius and about 150 degrees Celsius; between about —40
degrees Celstus and about 125 degrees Celsius; between
about 80 degrees Celsius and about 210 degrees Celsius;
between about 80 degrees Celsius and about 175 degrees
Celsius; between about 80 degrees Celsius and about 150
degrees Celsius; or between about —40 degrees Celsius to
about 80 degrees Celsius. In certain embodiments, the
HTRESD exhibits an mitial peak power density that is
between about 0.01 W/liter and about 10 kW/liter, e.g.,
between about 0.01 W/liter and about 5 kW/liter, e.g.,
between about 0.01 Winter and about 2 kW/liter.

[0447] In another embodiment, the invention provides a
method of using an ultracapacitor, the method comprising:
obtaining an ultracapacitor of any one of claims 1 to 85,
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wherein the ultracapacitor exhibits a volumetric leakage
current (mA/cc) that 1s less than about 10 mA/cc while held
at a substantially constant temperature within a range of
between about 100 degrees Celsius and about 150 degrees
Celstus; and cycling the ultracapacitor by alternatively
charging and discharging the ultracapacitor at least twice,
while maintaining a voltage across the ultracapacitor, such
that the ultracapacitor exhibits an ESR increase less than
about 300 percent after 20 hours of use while held at a
substantially constant temperature within a range of between
about —40 degrees Celstus to about 210 degrees Celsius. In
certain embodiments the temperature range 1s between about
—-40 degrees Celsius and about 150 degrees Celsius; between
about —40 degrees Celsius and about 125 degrees Celsius;
between about 80 degrees Celsius and about 210 degrees
Celsius; between about 80 degrees Celsius and about 175
degrees Celsius; between about 80 degrees Celstus and
about 150 degrees Celsius; or between about —40 degrees
Celstus to about 80 degrees Celsius.

[0448] In another embodiment, the invention provides a
method of providing a high temperature rechargeable energy
storage device to a user, the method comprising: selecting a
high temperature rechargeable energy storage device
(HIRESD) comprising an advanced -electrolyte system
(AES) that exhibits an 1nitial peak power density between
0.01 W/liter and 100 kW/liter and a durability period of at
least 1 hour, e.g. for at least 10 hours, e.g. for at least 50
hours, e.g. for at least 100 hours, e.g. for at least 200 hours,
¢.g. for at least 300 hours, ¢.g. for at least 400 hours, e.g. for
at least 500 hours, e.g. for at least 1,000 hours when exposed
to an ambient temperature in a temperature range from about
—40 degrees Celsius to about 210 degrees Celsius; and
delivering the storage device, such that the HTRESD 1s
provided to the user.

[0449] In another embodiment, the mvention provides a
method of providing a high temperature rechargeable energy
storage device to a user, the method comprising: obtaining
an ultracapacitor of any one of claims 1 to 85 that exhibaits
a volumetric leakage current (mA/cc) that 1s less than about
10 mA/cc while held at a substantially constant temperature
within a range of between about —40 degrees Celsius and
about 210 degrees Celsius; and delivering the storage
device, such that the HTRESD 1s provided to the user.

INCORPORAITION BY REFERENCE

[0450] The entire contents of all patents, published patent
applications and other references cited herein are hereby
expressly incorporated herein in their entireties by reference.

EQUIVALENTS

[0451] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation,
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numerous equivalents to the specific procedures described
herein. Such equivalents were considered to be within the
scope of this mvention and are covered by the following
claims. Moreover, any numerical or alphabetical ranges
provided herein are intended to include both the upper and
lower value of those ranges. In addition, any listing or
grouping 1s mtended, at least in one embodiment, to repre-
sent a shorthand or convenient manner of listing indepen-
dent embodiments; as such, each member of the list should
be considered a separate embodiment.

[0452] It should be recognized that the teachings herein
are merely illustrative and are not limiting of the invention.
Further, one skilled 1n the art will recognize that additional
components, configurations, arrangements and the like may
be realized while remaining within the scope of this mnven-
tion. For example, configurations ol layers, electrodes,
leads, terminals, contacts, feed-throughs, caps and the like
may be varied from embodiments disclosed herein. Gener-
ally, design and/or application of components of the ultra-
capacitor and ultracapacitors making use of the electrodes
are limited only by the needs of a system designer, manu-
facturer, operator and/or user and demands presented 1n any
particular situation.

[0453] Further, various other components may be included
and called upon for providing for aspects of the teachings
herein. For example, additional materials, combinations of
materials and/or omission ol materials may be used to
provide for added embodiments that are within the scope of
the teachings herein.

[0454] While the 1invention has been described with ret-
erence to exemplary embodiments, 1t will be understood that
various changes may be made and equivalents may be
substituted for elements thereof without departing from the
scope of the mvention. In addition, many modifications will
be appreciated to adapt a particular instrument, situation or
material to the teachings of the invention without departing
from the essential scope thereof. Therefore, it 1s intended
that the invention not be limited to the particular embodi-
ment disclosed as the best mode contemplated for carrying
out this mvention but to be construed by the claims
appended herein.

1. An ultracapacitor comprising:

an energy storage cell and an advanced electrolyte system
(AES) within an hermetically sealed housing, the cell
clectrically coupled to a positive contact and a negative
contact, wherein the ultracapacitor i1s configured to
operate at a temperature within a temperature range
between about —40 degrees Celsius to about 210
degrees Celsius.

2-186. (canceled)
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